
August 1910
Report 1341-26F

t APPLICATIONS OF CUMULATIVE DAMAGE IN THE PREPARATION
S OF PARAMEYRIC GRAIN DESIGN CURVES AND THE

PREDICTION OF GRAIN FAILURES ON PRESSURIZATION

FINAL REPORT

1April 1969 through 28 February 1970

VOLUME II - APPENDICES A THROUGH M

By

K. W. Bills, Jr., D. M. Campbell, R. D. Steele and
J. D. McConnell

Aerojet Solid Propulsion Company
Sacramento, California

and

Consultants: L. R. Herrmann, University of California and
R. J. Farris, University of Utah

Prep ,'ed For
It:

Department of the Navy
Naval Ordnance Systems Command (ORD-0331)

Contract No. NOO017-69-C-4423

THIS DOCLtm. CONTAI D

BLAN E D T E prST A\'AJLABLE COPY
BEEN DELETED FTAALBECP



NOTICE TO USERS

Portions of this document have been judged by the Ciearinghouse
to be of poor reproduction quality and not fully legible. However, inan
effort to make as much information as possible available to the public,
the Clearinghouse sells this document with the understanding that if the
user is not satisfied, the document may be returned for refund.

If you return this document, please include this notice togetherwith
the IBM order card (label) to:

Clearinghouse
Attn: 152.12
Springfield, Va. 22151

/I



Report 1341-26F

APPLICATIONS OF CUMULATIVE DAMAGE IN THE PREPARATION
OF PARAMETRIC DESIGN CURVES AND THE PREDICTION OF

GRAIN FAILURES ON PRESSURIZATION

VOLUME II - APPENDICES A THRU M

PREPARED FOR

DEPARTMENT OF THE NAVY
NAVAL ORDNANCE SYSTEMS COMMAND (ORD-0331)

CONTRACT NO. N00017-69-C-4423

Prepared by:

K. W. Bills, Jr.
Associate Scientist
Propellant Physics

4 d by-
, vey

G0.Svob, Manager
Integrated Griin Design
and Weights, Jepartment 4320



Aerojet Solid Propulsion Company

Report 1341-26F

VOLUME II

TABLE OF CONTENTS

APPENDIX A Modulus Data Input for the Computer

APPENDIX B Parameter Study for History 1

APPENDIX C Parameter Study for History 2

APPENDIX D A New Normalized Relation for the Relaxation Modulus

APPENDIX E Incremental Analysis Procedure

APPENDIX F Prony Series Curve Fit Analysis

APPENDIX G Inclusion of Non-Zero Thickness Stresses in Plane Stress Analyses

APPENDIX H A Computer Program for Viscoelastic Solids of Revolution
Subjected to Time-Varying Thermal and Mechanical Load
Environments - Version 2.1

APPENDIX I Non-Linear Analyses Based on Propellant Dilatation

APPENDIX J Basic Cumulative Damage Equations

APPENDIX K Study of Propellant Failure Under Pressure

APPENDIX L Effects of Previous Damage

APPENDIX M Input Data for Pressurization Tests on a PBAN Propellant



APPEND ICES



APPENDIX A

MODULUS DATA INPUT FOR THE COMPUTER

i-'A-.



Aerojet Solid Propulsion Company

Report 1341-26F

Appendix A

MODULUS DATA INPUT FOR THE COMPUTER

The relaxation modulus was represented by a sixteen-term Prony

series. This relation for the tensile modulus, E(t), is

m -0it

E(t) = A + E A e (A-i)
0

where A0 , Ai, and ai are constants.

For an _ncompressible material the relaxation modulus in shear, o(t),

is given by

A m A - it
E(t) Ac + E (A-2)

i=l

The viscoelastic stress analyses requires the shear modulus

representation.

The Prony series constants employed in the present parameter

study are given in Table A-i, for the CTPB propellant, and in Table A-2,

for the HTPB propellant.

To complete the viscoelastic description the time-temperature

shift function, aT, is required. Hence, also listed in Tables A-I

aad A-2 are the logarithims of aT at 12 different temperatures from

-100' to +200'F, for the two referenced propellants.

A-i
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TABLE A-2

MODULUS INPUT FOR THE HTPB PROPFLLANT

Prony Series Parameters

Log (t/aT) E 8i~ A./3
(min) EL (hr- ) Ai i i

80 26.67 0
-8 10000 3 x 10 8 4376.65 1458.9 1
-7 7000 3 x 10 7 3697.78 1232.6 2
-6 4000 3 x 10 2056.49 685.50 3
-5 2400 3 x 105 896,865 298.96 4
-4 1600 3 x 104 665.701 221.90 5
-3 1050 3 x 10 384.337 128.11 6
-2 720 3 x 10 250.028 83.343 7
-1 500 3 x 102 180.589 60.196 8
0 350 3 x 10 106.550 35.517 9
1 260 3 x 1010 67.0877 22.363 10
2 205 3 x 10- 35.8845 11.962 11
3 170 3 x 103 39.3243 11.441 12
4 140 3 x 104 24.4644 8.155 13
5 120 3 x 10-4 15.1300 5.043 14
6 110 3 x 10-6 -2,4636 -0.8212 157 100 3 x 10"6 33.0018 11.001 16

Time-Temperature Shift Function

Temp., F Logl0aT

-75 6.90
-50 4.93
-25 3.41

0 2,35
25 1.48
50 0.72
77 0

100 -0.46
125 -0.90
150 -1.24
170 -1,47

A-3
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APPENDIX B

PARAMETER STUDY FOR HISTORY 1

The results of a series of one-dimensional, thermoviscoelaic
analyses are presented graphically in this appendix. All of the analyses
were based upon the environmental temperature history described in the text
and shown separately in each figure. The data for the CTPB propellant are
presented in 1'gures B-1 to B-6, while those for the HTPB propellant are
given in Figures B-7 to B-12.

No analyses of the results are made here.

A. CTPB PROPELLANT

The folVwing giaphs give the thermoviscoelastic solutions for
these grain designs.

B-I
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PARAMETER STUDY OF INNER-BORE HOOP STRAINS
CTPB PROPELLANT - HISTORY I

5r (B 4 in..)

3 0

1 25

20 B/A =5

15

10
.... /A = 2

B/A 1.

0

0 50 100 150 200 250 300

Time, hr.

Figure B-1

B- 2



Aaro et Solid Propulsion Company

Report 1341-26F
Appendix B

PARAMETER HTUDY OF INNER-BORE HOOP STRAINS
CTFB PROPELLANT - HISTORY I
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PARAmE-TER SI'UDY OF INNER-BORE HOOP STRESS SOLUTIONS
CTPB PROPELLANT - HISTORY 1
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PARAMETER STUDY OF !NNER-BORE HOOP STRESS SOLUTIONS
CTPB PROPELLANT - HISTORY 1
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PARAMETER STUDY OF RADIAL BOND STRESS SOLUTIONS
CTPB PROPELLANT -HISTORY 1
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PARAMETER STUDY OF RADIAL BOND STRESS SOLUTIONS
CTPB PROPELLANT - HISTORY I.
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B. HTPB PROPELLAW~

The following graphs give the thermoviscoelastic solutions
for these grain designs.

B-8
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PARAMETER STUDY OF INNER-BORE HOOP STRAINS
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PARAHFTER STUDY OF INNER-BORE HOOP STRAINS Appendix B

HTPB PROPELLANT HISTORY 1
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PARAMETER STUDY OF INNER-BORE HOOP STRESS SOLUTIONS

HTPB PROPELLANT - HISTORY 1
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PARAMETER STUDY OF R~ADIAL BOND STRESS SOLUTIONS
H1TPD PROPELLANT -HISTORY 1
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PARA~mi-mTR STUDY OF RADIAL BOND~ SUESS SOLUTIONS
IITPB PROPELLANT S .. P ORY
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APPENDIX C

PARAMETER STUDY FOR HISTORY 2

The results of a series of one-dimensional, thermoviscoelastic
analyses are presented graphically in this appendix. All of the results
were based upon the environmental temperature history described in the e
text and shown separately in each figure. The data for the CTPB and HTPB
propellants are presented separately.

No analyses of the results are made here.

A. CTPB PROPELLANT

The following graphs give the thermoviscoelastic solutions
for these grain designs.

r-I
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PARAMETER STUDY OF INNER-BORE HOOP STRAINS
CTPB PROPELLANT - HISTORY 2
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PARAMETER STUDY OF INNER-BORE HOOP STRAINS

CTPB PROPELLANT - HISTORY 2
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PARAMETER STUDY OF INNER-BORE HOOP STRESS
CTPB PROPELLANT - HISTORY 2
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PARAMETER STUDY OF INNER-BORE HOOP STkESS
CTPB PROPELLANT - HISTORY 2
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PARAMETER STUDY OF RADIAL BOND STRESS SOLUTIONS
CTPB PROPELLANT - HISTORY 2
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PARAMETER STUDY OF RADIAL BOND STRESS SOLUTIONS
CTPB PROPELLANT - HISTORY 2
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B. TPB PROPELLANT

The following graphs give the thermoviscoelastic solutions
for these~ grain designs.

c-8
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PARAMETER STUDY OF INNER-BORE HOOP 
STRAINS
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PARAMETER STUDY OF INNER-BORE HOOP STRAINS
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PARAMETER STUDY OF INNER-BORE HOOP STRESS SOLUTIONS
11TPB PROPELLANT - HISTORY 2
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PARAMETER STUDY OF INNER--BORE H1OOP STRESS SOLUTIONS
HTPB PROPELLANT - HISTORY 2
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PARAMETER STUDY OF RADIAL BOND STRESS SOLUTIONS
HTPB PROPELLANT - HISTORY 2
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PARAMETER STUDY OF RADIAL BOND STRESS SOLUTrIONS
HTPB PROPELLANT - HISTORY 2
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A NEW NORMALIZED RELATION FOR THE RELAXATION MODULUS

A. NORMAL. IZATION OF THE SHEAR MODULUS

Conventional viscoelastic stress analyses involve the relaxation
modulus in shear, p(t). The basic relations for this modulus require
difficult to perform experiments, the results of which are not always
satisfactory. It was desirable, therefore, to devise a simpler to use
expression for this modulus. This was done starting with the relation

now used,

W(t) = ite + (g - e) f he - t / dnT (D)
-CO

where p is the glassy shear modulus

1e is the equilibrium shear modulus

h represents a continuous distribution of relaxation times

(normali zed)

t is the time of the test

T is a relaxation time

Since it is difficult to evaluate experimentally an attractive
substitute wa§ sought and found.

We solved for p(t) at some sperific time, like one minute, to
obtain i,(l).

(!) -'e + (g - le he d0nb (D-2)

Letting

C = f he - I / - d9nr (D-3)

where C is a constant, we solve for 1. - We in Equation (D-2) using Equation
(D-3) and inserting the result into E&uation (D-l) gives

:'(t) = + (p(i) - ) i e (D-4)
e +e C

-Wo

D-1
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For practical experimental purposes the constant C can be combined

with h to give h', a quantity which is experimentally identified in the
same manner as h.

Thus, the new relation becomes

I(t) = ve + (V(i) - Pe )  f h'e - t /h dkni (D--5)

In engineering practice is is unnecessary to evaluate h'. Instead,
a graphical plot of p(t) versus time is usually sufficient. When normalized
results are required a plot of p(t) - e versus the time is equivalent

tj( i ) - Ie

to a plot of f h'et/T dknT versus the time.

Obviously, a broad range of rela;:ation curves can be obtained for
a given distribution of relaxation times, h'.

B. NORMALIZATION OF THE PRONY SERIES

The new relation permits a normalization of the Prony Series as
well. This relation in its usual form is given as

m-S

P(t) = a + E a e m (D-6)
m=l

where the a and a are constants
m mI

a is the equilibrium relaxation modulus

We can normalize Equation (D-6) to give a form similar to that of
Equation (D-5). First we replace a0 by the equivalent term te then normalize
the constants am, as shown below, to give

m -6t

li(t) = pe + 0(1) - Ie) Z a'M e m (D-7)

where
a =m/((1) - lie) (D-8)

D-2
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Equation (D-7) forms the engineering basis of our normalization procedures.
This normalization method defines the AJulus in terms of two easily determined
parameters, p and p(l) - v . These same parameters can be used to normalize
the stress an strain data prom jur engineering anaiyses.

D-3
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APPENDIX E

INCREMENTAL ANALYSIS PROCEDURE

in an attempt to minimize accumulated numerical errors in our

linear viscoelastic analyses, Dr. Herrmann developed this new approach.

The "total stress analysis" was replaced by an "incremental analysis

procedure"; i.e., instead of solving fcr che total stress and strain in

the propellant for a given voint in time, one could solve instead for the

incremental changes in stress and strain. The incremental equations are very

similar to those previously reported for the "total analysis" with the

following exceptions (the equations referred to by number are reported in

Reference (E-l).

Consider first, Equition (13),

SijN = 214 eij N + Lij N  (13)

The quantities Sij N and eij N in Equation (13) need to be interpreted

as the incremental changes in stress and strain during time step N (i.e.,

S.. = 2i Aei. 4 L.. where S.. = S + AS..N, etc.). Equation
N N Uj jN 13N 'j N-1 UjN

(L8)
2 [y 0 a e (18"

ijN 2 [LijN - o) e ijN ]-l

is replaced by

L. 2 : [e
UiJN m=l m 1] CijNm

E-1
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Equation (19)

M

XijN =F a C ijNm (19)
m=1 m

is eliminated and Equation (24)

-6m AFN

Cim e [CijN-,m +(eij N I  ijN 2 ) N-l,m] (24)

becomes
Comsm =e C + Ae. (24)

C iJ N-l,m

Finally, Equations (1), (2) and (3)

(3)

i= Sij + iij 'n -3 i I

a = K (9 3aAT) (3)

where K = Bulk modulus
a = Coefficient of linear thermal expansion

AT = T (x, t) - T
T =Initial stress free reference temperature

are replaced by their corresponding incremental forms (Note: AT N = N " TN-

E-2
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APPENDIX F

PRONY SERIES CURVE FIT ANALYSIS

The shear relaxation modulus for most solid propellants has been found
to fit the following series function with relatively few terms:

n - it

0(t) = A + F; A.e (F-I)
i=l

Equation(F-I)is a "Prony" series with two unknown coefficients A and i..
The method of collocation is used to find these coefficients: i -

Let = (F-2)

Substituion of Equation (F-2) into Equation (F-l) gives

- t.
n 2ti

0= A + E Ae (F-3)
i=l

Now, choose n points for the evaluation of 0

t.
n __-2

0j = A + E A.e 2ti  (J = l,n) (F-4)o3i0 1 (F4
1=1

Equations (F-4) are sufficient to solve for the A. In matrix notation;

[E) (A.) = {0. - Ao } (F-5)

where, t

2t i31

Equatiou (F-5) is readily solved for Ai;

,,. = [El-l (0 -A (F-6)

F-I
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Equation (F-6) has been programmed for computer solution from a times
burning terminal in the BASIC language. A listing of the program is given
on Page F-3. The order of data input Is given below:

1. n

2. A
0

3. tj (j 1 , n)

4. 0 (j 1, n)

Data statements 600 to 9000 may be used for data. Sample data statements
are shovn below:

600 Data 7,100

610 Data 1E-4, 1E-3, 1E-2, 1E-1, 1, 10, 100

620 Data 3000, 1800, 1000, 620, 410, 320, 280

A sample run with this data is shown on Page F-4.

r

F-2
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PROGRAM LISTING

1O F M F1'1Y 1 F%1 IF4 CUFgs FIT"
II (, blt I M (2'PO I E ?QO, I ,A( 20, ?0),GC 20, (1)

I 'r0 jtN, F(1 ,20),((IU)
1 3C NFt4 I, E I
41 40 M A FEAL I (N, )

I50 MAT F = Z.F(I#J)
160 MAT ( = 7F. f(i,' )
170 MAI F = TbN(T)
19G F+I'N1 "INPUT TIWtiS AND MDULI"
190 MA T PhI'NT F;
200' MAT A ZE['C(\J , 4
210 F' Jd TO N '
20 L.T " = -T(J, I)/T(I,I)
-30 LET PCJ,J) = 0.60653
240 IF E < -20.0 THEA 280
250 LET P(I,J) = EXPC0.5/I-)
260 LFT ACJII = FXPC0.5*E)
70 (1 TO 300

2;1 LET A(I,J) = 1.0
290 LFI t.CJ,1) = 0.0
300 ' JT J
:' IO L' AC 1.1) = 0. 606b3

2( L IEl KI N - I

:3(L F0 P 1=2 10 K1
4 C, LE I L.= I

JtC LEI K- =I - I + 2
J6( F3 J=;' 13 K-
270 ILFl t- = L - I

C -(. LE.1 A.CJ,L) = A( 1,1)
• C LET P(L,J) = A( I, I)

, O '4F T ,J
z. 0 "JFI T

G~(~ MA~T C 7-E I< N ,
,.. FP.T G 04 [xV A)

ZO oAl I, EAI , (NJ, 1)
i50 M A C= INE
A 1 M AT Fbl'qT C;
'I7(, FJ k ,1= I T1

' I. I F(J, I) = FCJ, I) l
490 (FKI* J
b 00 MAT 'r C*F

I IC, P [I, 1 "4 S LUTI11N"

SM AT F f, RN T)

F-3
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SA1LE RUN

P F9.9:57 SF FFI 02/13/70

INUT TIMES AN>J MODULI
.0001 .001 .01 .1 1 10 100

3000 1900 1000 6 0 410 320 2fgO

SOLUTION
1370.'e7 1031.23 464.66 247.646 184.314 -106.615 297.bb

1U1 3F DATA IN 440

F-4
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INCLUSION OF NON-ZERO THICKNESS STRESSES
IN PLANE STRESS ANALYSES

Th' generalized plane stress option was modified so that the stress
throughout the thickness of the body, may be specified as a constant rather
than zero. The ;alues of the thickness stress constitutes one of the
input parameters. The inclusion of a non-zero thickness stress required
the modification of the governing variational equation.

It was determined that the appropriate fo m5 the variational
function, for a nearly incompressible material is (for T = TN):

F f 2 N -2 2I2
FN i -P -[(Acx ) + (Ac ) - (Ae )(Ar )] + I N  (Ayx 2

xN YN NN 2 N x4N

+(PN A - + Ac )+ L AE +L Ae

N N x +
AS/)(~N YN XXN XN YYN YN

(IN) (-N) 2 + N
xYN  

2 2

- AF Au - AF Au } dxdy - fAuN ' A(applied boundary load) ds
XN XN YN YN

I-
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whore.

2 N  A N

xxN 3 (2AtxN - AtyN + PN AlN + LXxN  3

AAHN 2 1
A = (AL + At,) -2 +--- (AN - L + "a1 ATN

z N 3 x " N 2 311 N N zzN 3 N

AiN 2 N a TN +(oN LZZ N

8w (I - ZE)

3(1 + 4w--
3K

The symbol Aa N denotes the incremental change in the specified thickness

stress, L zz denotes the history term associated with cz, the other

symbols have their usual meanings.

REFERENCES

(-1 lerrmann, L. R., "Elasticity Equations for Incompressible and
Nearly Incompressible Materiais by a Variational Theorem", AIAA
J., Vol. 3, No. 10, pp. 1896-1901, October 1965.
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A COMPUTER PROGRAM FOR VISCOELASTIC SOLIDS OF REVOLUTION
SUBJECTED TO TIME-VARYING THERMAL AND MECHANICAL LOAD ENVIRONMENTS

-VERSION 2.1-

I. INTRODUCTION

The purpose of the computer code described in this section is to perform
viscoelastic stress analyses. The analyses is applicable to arbitrary revolved
solids and plane strictures subjected to loads of mechanical or thermal origin.
The program is segmented into two (2) phases: (1) Transient Heat Transfer
Analysis; and (2) Viscoelastic Stress Analysis. The purpose of the heat
transfer phase is to generate temperature distributions in the body as a
function of time which are used subsequently in performing the stress
analysis. The two phases of the program can be used in sequence within a
given job or each phase can be used separately.

The method of solution ewploys the finite element procedure for solving
the spatial problems (heat conduction and stress analysis) and time marching
techniques to evaluate temperatures/stresses at successive points in time.
The transient heat transfer problem is solved using the procedure developed by
Wilson and Nickell*. Knowing thermal and mechanical loads as a function of
time and having available the viscoelastic properties of the material(s),
a set of equivalent elastic parameters is defined for a particula- point in
time; the equivalent elastic problem is posed using the procedure given by
Herrmann and Pete-son**. An elastic stress analysis must be performed at
each point in tine for which the viscoelastic response of the body is
required. The stress analysis problem is solved using a finite element
method given by Herrmann.***

II. APPLICATIONS

The principal application of the program is to stress analysis of
solid propellant grains maintained in time varying temperature environments.
A typical application might be the grain stress analysis of a motor system
subjected to thermal cycling. Mechanical loads may also be applicd to the body
either isothermally or with simultaneous time varying temperature changes. Tie
kinds of mechanical loading considered in the analysis include surfece pressures,
body forces (spin and/or axial accelerations), concentrated nodal forces, and
specified nodal displacements; all mechanical loads can vary with time in
accordance witi, -ser-supplied table.

Wilson, E. L., and Nickell, R. E., "Application of the Finite Element

Method to Heat Conduction Analysis", Nuclear Engineering and Design 4
(1966), p. 276-286. North Holland P'bliahing Company, Amsterdam.

** Herrmann, L. R., and Peterson, F. E., "A Numerical Procedure for Visco-
elastic Stress Analysis", CPIA - 7th Meeting, Working Group on Mechanical
Behavior (ICRPG), Ncve.ber 1968.

*** Herrmann, L. R.. "Elasticity Equations for Incompressible Materials by

A Variational Thcorem", Journal of the AIAA, p. 1896-1900, October 1965.
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A. PHYSICAL PROPERTIES

The program can be used to perform simple elastic solutions,
time-dependent elastic or therwoelastic analyses, or thermoviscoelastic analyses.
A viscoelastic analysis requires a complete material )roperty characterization
including the master relaxation curve and shift function fo; each time
dependent material, bulk modulus, expansion coeffici :nt, densicy, etc. Table
H- 1 illustrates the thermal and mechanical propert es data required to perform I -

the thermoviscoelastic stress analysis of a bipropellant grain with a separate
viscoelastic liner and an elastic case.

Shift function data is accepted by the program in the form of a
table of log aT versus T, (*F); shift factors at temperatures other than
those supplied in the input table are determined using linear interpolation
between given points.

Relaxation data must be input as the coefficients (Ai, 0 )in a
Prony Series fit to the experimental data. The relaxation behavior in shear
must be expressed as an exponential series.

n -a 
I

¢(t) Ao + Z Ai  (H-1)
i=l

where A is the shear equilibrium modulus and (Ai, Oi) are founu from curve

fitting% calculations based on experimental data. Each viscoelastic material
must have its relaxation behavior expressed in a separate series expansion.
Elastic materials have no terms in the series other than A . If there are no
terms in the series expansion (M = 0) the program will not0 read a shift
function table.

The special problem of bulk rapid pressurization of a propellant
grain where a pressure shift functiLr a is required is handled in a

pdifferent manner. This type of problem can only be run isothcrmally with nc
superimposed thermal loads. In this case the shift function input values are
interpreted as the product a a as a function pressure where a is a constant
for the temperature under cois~deration. T

4

* Ont. recommended curve fitting procedure is a "collocation method" originated
by Schapery and summarized in the ICRPG Solid Propellant Mechanical Behavior
Manual starting at Section 2.2-4 (June 1963). The method involves assuming
values for the constants i and solving a set of linear simultaneous equations
for the constants Ai. A time-share routine called "PRON,'Y'" has been programmed
to perform the calculations at Aerojet.
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PUYSICAL PROPERTY I MFORI4ATION REQUIRED
FOR A THERMOVISCOEIASTIC STRESS ANALYSIS

PROBLEM IDENTIFICATION:

ProNpellant No. 1 -
Propellant No. 2 -
Liner
Case

Propellant Propellant

Physical Property No. I No. 2 Lin r

Coefficient of Linear
Thermal Expansion (OF

Density (lb-in.-3)

Specific Heat
Capacity (btu-lb 1 OFl)

Thermal Conductivity,
(Btu-in.-I hr-i OF-- )

Bulk Modulus (Ib-in.- )

Sht Re!t.:ation (Table or curve as a function of
Modulus (Ib.-Ln. vs.hr) time)

Shift Factor (a T vs. OF) (Table or curve as a function ofT temperature)

Elastic Shear
,odulus (lb-in.- )

Table H-1

H-3
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III. DATA INPUT DESCRIPTION

This section supplies information necessary for the preparation of data
input cards. The input sequence is separated into four major groups:

1. Grid Definition

2. Solution Time and Temperat,:re Information

3. Transient Hteat Transfer Solution Data

4. Stress Analysis Information

A. NOMENCLATURE

The abbreviation "cc" used below stands for "card columns". The
variable names assigned to the various parameters used by the program are
given below in upper case letters; for example, "NNP" s;tands for the total
numbei of nodes in the finite element mesh. All variables starting with
any of the letters i, J, K, L, M, ii are to be input to the program as
integers (i.e., without a decimal point). All integers are to be packed
to the right of the field specified by the "cc" numbers. Any variable whose
first letter is not an I, J, ..., N is a real number requiring a decimal;
"R(N)", for example, is the radius of the "N-th" nodal point (entered in cc
6-15). If R(N) = 13.45, then the number "1.3.45" can be placed anywhere in the
field: cc 6-15. Real numbers can also be input in "E" format; 13.45 could be
entered as 1.345E1, .1345E2, 1345.E-2, etc., providing the set of characters
is packed to the right of the cc field.

Whenever applicable, units of the variables are stated in
symbolic notations. The symbols used below are defined as follows:

H-4
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(F) Force units
L) = Length units
T) = Time units

(OF) - Temperature units
(R) = Radian
(Btu) Thermal. Teat Flow Units

Thus, the quantity (F) (L 2 written after the shear modulus means 'psi" if pounds and
inches are the units chosen by the user. There are no units, conversion factors,
etc., built into the program; thus, once a set of units is chosen it muot be used
consistently througAout the analysis.

B. SEQUENCE OF OPERATIONS

The flow of program execution is controlled by three (3) user-supplied
variables:

IPF Plot Control Flag
NE"M Temperature Information Flag
J4B = Job Control. Flag

Table H-2 contains values which can be assigned to these variables
showing what operation results from a particular specification. Certain combinations
are not possible. For example, if TPF'5O the program reads mesh data, prepares a
plot and returns control to that portion of the program which looks for the next
job; thus, the variables *NTEM" and 'JOB' cannot be specified. RJOB" has no meaning
unless IPF > 0 and NTEM = 0.

The option NTEM = 1 is impractical for real problems because of the amount,
of card data involved; this option is useful when solving 'check cases' with temperature
distributions generated from an analyti al expression or formula. The NTEM = 2 option saves
re-ru:ing the temperature problem if only the mechanical properties or mechanical loads
change. NTEM = 3 is used for the isothermal problem in which the loading is mechanical
in origin. Viscoelastic materials exhibit temperature dependence, so material temperatures
must be defined even though there are no driving thermal strains in the body to be
analyzed.

The vs ieble "JOB" (which is only defined if NTEM = 0) controls 'hat the
program does with the results of the heat transfer solution and where the program
1-oes after the heat transfer calculations, if J B = 0, element temperatures are saved
temporarily for use in the stress analysis to follow. JOB = 1 results in the same
operation as J4B = 0, but in addition the element temperatures are saved for use in a
later analysis (or series of analyses). If JOB = 2, the temperatures are saved..(and
printed at usei. specified time intervals) on a tape for use at some other time; at this
point the program is through with this job and looks for another. JOB = 3 allowis the
user to run the program solely as a heat transfer analysis.

H-5
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EXECUrION CONTROL VARIAB[..

FiAG VALUE OPEiUTION PERFORMI-D

TPF < 0 Read grid data only. , kit. ;rid and :,.o,',.
0 Read all dato, execute the .job ',!itwi w-u Iotl..

.' 0 Read all data, execute thic job with -1 p)1.

N'I'M = 0 Calculate the ,lemont temptzr:ttures urslzn theo
heat transfer analysis.

1 . Read the element temperatutes front card input.
- 2 Read the element temperatures 'ro*m a tap,: ,I,.d

during a previous run.
- 3 Read the element temperatures from c'ard iinr,,.

and use the same distribution for ai :'olti.,
time points (isothermal r.uponse).

1J B = 0 Run the heat tr:anser problum rand t,:e th, ,',.', 2..

to perform the sl,'s, an-Llysis.
I Run the heat tr',- ,'r pro sl.em, ::ve tie , i,., ii

temperatures on :L pcrmanctt. f'iu (whi.'IL,
used as input to subsequ.itt joi;) "tnch U:;,. J,
results to perform Lht: src.: :,ralysiz.

2 Run the heat tran.;fer pr, bLem, ,.avc Lite, .:.,,.,l
temperatures on ft permine:nt ile, and 'op.

= 3 Run the heat traimfr p proil m atd stop.

Table H-2
11-6
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C. DATA CARD INPUT

1. Grid Definition

a. Start Cards

(1) First Card (A3)

cc

1-3 Enter the characters "TVA"

(2) Title Card (12A6)

cc

1-72 HED Title information for job and plot (center about cc 36
for plot)

b. Control Card (One card, 315)

cc

1-5 NNP Number of nodal points < 273

6-10 NEL Number of quadrilateral elements < 240

11-15 IPF Plot flag < 0, plot only
= 0, run only,
> 0, plot and run

c. Node Coordinate Cards (I, 2F10.3, 15, 2FI0.3, 15)

cc

1-5 N Node Number

6-15 R(N) Radial Coordinate (L)

16-25 Z(N) Axial Coordinate (L)

26-30 NE Ending Node Point Number

31-40 R(NE) Radial Coordinate (L)

41-50 Z(NE) Axial Coordinate (L)

51-55 NI Node Number Increment

cH-7
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If the ending node number NE is not zero (or blank), then nodes
will be generated in equal distance increments along a line between node N and node NE.
The first generated node is assigned the number N + NI; the second generated node
number is N + 2NI, etc. Note that the node number difference (NE-N) must be posi.tive
and divisible by NI.

If NI is omitted it will be assigned a value of '" automatically.

d. Element Numbering Cards (815)

cc

1-5 N Element Number

6-10 IX (N, i)

11-15 IX (N,-2) Node numbers describing the
corner points of the

16-20 IX (N,3) quadrilateral

21-25 IX (N14)

26-30 MN(N) Material Number

31-35 NLG Number of elements to be generated

36-40 NNI Node Number Increment

If the number of elements to be generated (NIGo) is
not zero, then NLG elements will be generated. The first generated element is assigned
the number N + 1; the second generated element is numbered N + 2, etc. The node
numbers of the second generated element are found by adding NNI to the node numbers of
the first generated element, etc. If NNI is omitted it will be assigned a value of 0l".

The material number assigned to generated elements is the
same as that for elerent N. Material numbers are not necessary if the program is to
plot the grid only (IPF< 0).

if IPF < 0; data input ends here.

H-8
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2. Solution Time and Temperature Information

a. Control Card (One card 215, FIO.O, 215, FlO.O).

cc

1-5 NDT Total number of time increments to be used
in the solution for element temperatures and/or
stresses.

6-10 NTR Number of regions on the time axis having the
same value of time increment ratio. < 50

th11-20 TMF Value of time at the end of the NDT- increment. ()

21-25 NBCF Number of functions describing time dependent biundary
conditions. < 10

26-30 NTEM Temperature information flag:

- 0 Element temperatures are to be calculatud
using the heat transfer analysis.

- 1 Element temperatures are to be read
from cards.

- 2 Elemuent temperatures are to be read from
a tape created on a previous run.

- 3 Element temperatures are to be read
from cards, and this distribution i',-
to be used for all solution time : oints.

31-40 TZ Temperature of every element at time zero (*1-)
(stress free tempe!rature).

1-9
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b. Solution Time Points

At least one card in this section

(1) First Card (3 (15,2FLO.0)

cc

1-5 NTI(l) Number of increments for which 
the time

increment ratio C(l. remains constant in

region 1.

6-15 DT (1) Value of time after NTI(l) time increments

in region 1.

16-25 C (1) Time increment ratio in region 1.

26-30 NTI (2) Same as cc 1-5 for region 2.

31-40 DT (2) Value of time after NTI (1) HNTI (2)

time increments (T)

41-50 C (2) Same as cc 16-25 for region 2

51-55 NTI (3)

56-65 DT (3) Region 3

66-75 C (3)

(2) Second Card (3 (15, 2 F1O.0)) (If required)

cc

1-5 NTI (4)

6-15 DT (4) Region 4

16-25 C (4)

Etc.

Use as many cards in this section 
as are required to

enter NTR groups -f (NTI (I), DT (I), C (1). Note that

NTR
ETR NTI i - NDT, otherwise an error message 

will be

i=1 issued by the program.

The solution time points in region r are found using:

t i+I -- i + Cr* (ti - ti..l)
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This method of solution time point input has the effect of aut;>natically
producing small time steps at the beginning of the region while continuously
widening the time steps toward the end of the region. As an example, if
50 solution time points are specified ever a 24 hour period with C = 1.1 the
first solution time point will occur at .0206 hrs (1.24 minutes) and the last
solution step (t50 - .9) will be 2,19 hours (132 minutes).

It is important to choose C such that the smallest time step will
not be so small as to produce a reduced time falling off the mechanical
properties table or the final time step too large. The following equations
may be used to find these values:

Ti C-I T N C N- 1 (CI) -2
AT N-l(H-2)

Tf CN T CN-1

where

C - time increment ratio
ATi . Initial solution time step

A N - total number of solution time points
ATN = final time step

Tf = final value of time (To M 0)

These two equations are plotted for various values of C in Figures
H-I and H-2 respectively.

4
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INITIAL SOLUTION TIME INCREMENT
0.1

T -~l Tm, i+1 - i
where: T C

TI  - T1_

Tf C N 1

44

E 0.01

r. C
LU

. 1.06

- - .10

.. 088

D.06

1 .1 . 0

7. ).05 '

).04

1.20

01,30OU 0.001

D,02

. 1.50

0.002I

10 20 30 40 50 60
No. of Solution Tire Points "% N

H-12 Figure H-I
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FINAL SOLUTION TIME INCREMENT

where: il T Ti1I -
AT N-1
N C C-i

0.4f CNlC

1.50

44 1.*30

I0.2

1.20

4) 1.15

0.10

1.10

1. 06

0

S0. 04

0.02 II
10 20 30 40 50 60

No. of Solution Time Points I,. N

Figure H-2
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c. Boundary Condition Function Cards

Ski.p this section if NBF=O0

() Card One (215)

cc

1-5 N Number assigned to this function

6-10 NPTS(N) Number of points tn the table describing
this function. _ 30

(2) Card Two (8FIO.O)

cc

1-10 TFN (N, l)Time at point I, t, (T)

11-20 FN (N, 1) Value of the function at time t1, fl

21-30 TFN(N, 2) Time at point 2, t 2  (T)

31-40 FN (N, 2) Value of the function at time t2, f2

1-50 TFN (N,3) int 3
51-60 FN (N, 3) Po

61-70 TFN(N,4) in
71-80 FN Point 4

(3) Card Three (8FiO.O) (If required)

cc

1-10 TFN (N,5) )
11-020 FN (N,) Point 5

,.. etc.

Use as many cards 2, 3, etc., in this section as are required
to enter NPTS(N) pairs of (TFN(N, I), FN(N, I)) wnich define this function (Number N).
There are NBCF sets of cards 1, 2, 3, etc. in this section. Data for a new function
begins on a new card 1.

Figure H-3 represents a function which might be used t:o

describe the pressure transient, in a motor The last point in the table must have a
value of time which is greater than or equal to the length of solution period (TMF);
for this case 16.0> 14. 0 = TF (Figure 3.1).

11-14
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EXAMPLE BOUNDARY CONDITION FUNCTION

I TFN (3, I) FN (3, 1)

1 0.0 0.0

2 2.0 0.8

3 4.0 1.0
4 5.0 0.7

5 16.0 0.7

[ Value

1.03

N P'rS (3) =

0.5 Function #3

- TMF = 14.0

0.0 i m e . . I . . . ., ., . i

0.0 5.0 10.0 15.0

Figure H-3

H-15
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The table(s) input in this section are used in the prescription
of time-dependent boundary conditions such as environmental or nodal point temperatures,
nodal point forces and/or displacements, pressure or acceleration loads, etc. One
function may be used to describe multiple types of boundary conditions. Values of the
functions at times other than TFN (N,I) are calculated within the program using linear
interpolation. •

If no data are input in this qection (NBCF = O), then all
boundary specifications are independent of tire and boundary values are assumed to be
imposed as step function at t = O .

d. Printing Control (1615) < 10 regions

At least one card in this section

Card 1

cc

1-5 NO(l) Output Interval
6-10 NPR(1) Number of print openations at this interval

11-15 NO(2) Output iuterval
16-20 NPR(2) Number of priat operations at this interval

604e

71-75 NO(8) Output Interval
76-80 NPR(8) Number of print operations at this interval

Card 2 (If required)

cc

1-5 NO(9) Output Interval
6-10 NPR(9) Number of print operations at Tnis interval
11-15 NO (10) Output Interval
16-20 NPR ,(I0) Number of print operations at this interval

Thio information is used to control the amnt-f'rntd

output produced by the program. The output scheme defined in this section Is ubed in
1',th the thermal and st.rtvs;; arnilys; s phaset;. In propatring the data f'r thivs blook,
tit," I'1 |,' 111 -. e,'t.Id it. I o1 t1111:I. I-" ,,l :,,'rVed:

NO(l) * NPR(l) + NO(2) * NPR(2) + "'" NDT

This is to say that tae printing ratge must cover the solution period.

I H-6
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Suppose that temperature output is required at time points 2, h, 7
and 8 of Figure 2.1, then one card would be input in this section:

Card1: 2,2,3,1,1,1; [2 (2) + 3 (1) + 1 (1) = 81.

2 If temperatures at all 8 points is requested, then

Card : 1, 8; [1 (8) = 81.

e. Average Element Temperature Cards (315, FlO.O)

(Card 2-a is the reference for values of NDT, NTEM and TZ).

Skip this section if NTEM =0, or NTEM 2

cc

1-5 NELS Starting element number for thfs group.

6-10 NELG Number of elements with the same average temperature

as element number NELS.

11-15 NELI Element number increment.

16-25 TAVG Ayerage element temperature for this group of
- - elements. (OF)

If NIEM I, there are NDT sets of element temperatares
that must be defined in this section (one set for each of the NDT time points contained
in the solution period). All element temperatures must be prescribed at a given time
point before proceding to the next point. If every element has a different temperature,
then NEL cards (with cc 6-15 blank) must be prepared for that time point. It is possible
to geneI'ate element-'temperatures at a time point if several elements are at the same

... .terature. NEG elements are assigned average temperatures TAVG. The number assifiged
to the first generated element is NEIS + NELI; the second is NELS + 2 (NELI), etc.

Suppose that a body described uzing 50 elements (NEL = 50)
is at a uniform 770F, when t < 0 (TZ = 77.0), and at the end of the fir st time increment
elements 1-25 drop to 60°F whIle elements 26-50 reach 45°F. Two cards are required to
define the element temperature distribution at the end of time increment one (t = tl):

Card1: 1. 24, 1, 6o.o

Card 2: 26, 24, l, 45.0

H-17
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If NTEM = 3, then there is only one set of element temperatures
which must be input in this section. This temperature distribution
applied to all solution time points; the body starts at t 0 0- at a
uniform temperature TZ (at which the body is assumed to be "stress free"),
and at t = 0+ the ele-int temperatures assume the values prescribed in
this section of the data input and remain constant for all time,
t > 0.

3. Transient Heat Transfer Solution Data

Skip this section if NTEM= 1, 2, or 3

a. Control Card (One card; 415)

cc

1-5 NMAT Number of materials with different thermal properties. < 10

6-10 NNBC Number of nodal point boundary conditions (temperatures
or heat fluxes)

11-15 NCBC Number of convection boundary conditions < 65

16-20 JOB Job Control Flag

S0 : run heat transfer and use the results to perform
the stress analysis.

= 1 : run heat transfer, save element temperatures on
a permanent file, and use the results to
perform the stress analysis.

= 2 ; run heat transfer, save the results on a
permanent file, and stop.

- 3 run heat transfer and stop.

21-25 KAT KAT 0 Axisymmetric Analysis
KAT # 0 Planar Analysis

b. Material Cards (110, 6FIO.O)

cc

1-10 N Material number

11-20 XCOND(N) Conductivity: Krr , (Btu)(T)
- 1 (L)-2 (0F/L)

21-30 YCOND(N) Conductivity: K
zz

1-18
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31-40 XYCOND(N) Conductivity: K
rz

41-50 SPHT (N) Specific Heat, (Btu)(F)-l (OF)
-l

51-60 DENS(N) Weight density, (F) (L)
3

61-70 QX(N) Heat generated per unit volume, (Btu)(T)- (L)

Use one card for each different material number assigned in the
element array (cards l-d); NMAT cards must be prepared in this section -

order is unimportant.

If the thermal conductivity of a material is independent of
direction, then

K -K -krr Zz

krz

The heat generated per unit volume is assumed to be constant
with time.

c. Nodal Point Boundary Conditions (215, F1O.0, IS)

ISkip this section if NNB 0 J

cc

1-5 N Node Number

6-10 KODE(N) Boundary condition type

0 0, externally supplied heat flux

1, prescribed node temperature

11-20 T(N) Boundary value amplitude( Heat flux (KODE(N) - 0), (Btu)(T)-I (R)
= Temperature (KODE(N) 1 1), (OF)

21-25 NFN(N) Function number

All nodal points not specified in this section are assumed to

have externally supplied heat flux of zero for all values of time.

A function number equal to zero (or blank) means that the

prescribed boundary condition is applied et time zero and remains constant
for all time, t >0.
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The functions assigned in this section must have been defined
previously in Section 2-c. For time varying boundary conditions, the
magnitude of the boundary value at some time t is found by selecting the
value of the function at t and then multiplying this value times the boundary
value amplitude (cc 11-20). A given function can be used to describe any
numb4c of boundary conditions.

d. Convection Boundary Conditions

[Skip this section if NCBC =01

(NCBC Cards, 215, 2F10.0, I5)

cc

1-5 I(N) Node number i

6-10 J(N) Node number j

11-20 H(N) Heat transfer coefficient,h: (BTU)(T)- 1 (L) - 2 (*F) -1

q - h (T - T )

21-30 TE(N) Environmental temperature amplitude, T

31-35 NFCV(N) Function number

If the environmental temperature T is time dependent, then a
non-zero function numer must be specified in cc 3Y-35. T0 will be mutliplied
by the appropriate value of the function of time t in order to establish the
value of environmental temperature, T

If the environment does not change temperature with time,
then NFCV(N) = 0 and T = To, constant for t > 0.

0_

If JOB = 2 or 3 (Card 3-a), then data ends here
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4. Stress Analysis Information

The program will not read data in this section if
NTEM - 0 (card 2a) and JOB = 2 or 3 (card 3a)

a. Title card (20A4)

cc

1-8 HED Any alpha numeric information (printed with
the solution)

b. Control Card (515, 2(FlO.0, 15), 315, F1O.O)

cc

1-5 NMAT Number of materials < 4

6-10 NCMN Number of elements with material identification
numbers which are to be redefined.

11-15 NBCN Number of node points for which boundary
cards are used < 60

16-20 NPC Number of pressure cards < 55

21-25 NDMG Number of elements for damage evaluation < 20

26-35 ANGV Angular velocity amplitude, (R) (T)
"I

36-40 NFAV Function number for ANGV

41-50 AZZ Axial acceleration amplitude, (L) (T)
2

51-55 NFAZ Function number for AZZ

56-60 IDSP Pressure boundary condition function no.
for use of pressurization shift function data

61-65 IPSC Geometry type flag

IPSC - 0 Axi3ymmetric analysis
- 1 Plane strain analysis
- 2 G,:neralized plane strain analysis
- 3 Generalized plane stress analysis

66-70 NSM Material No. (if IPSC 2) of case material

71-80 SZV( Value of normal stress (if IPSC = 3)
(F) (L)

- 2
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NMAT is the total number of materials (viscoelastic and
elastic).

If the material L.D. numbers assigned to the elements in Section l-d are
appropriate for both the heat transfer and stress analyses, then NCMN is
set to zero (or blank). NBCN in a count of nodes at which force and/or
displacement boundary values are specified. NPC is the total number of
element sides subjected to pressure loads.

IDSP is the boundary condition function number which describes the bulk
pressure as a function of time when an isothermal pressurization case is
being run. For a thermal analysis leave this field blank. This function
will be used to find the pressurization shift function values in the
properties determination and also will be used in the damage calculations,
When IPSC - 2 a special generalized plane strain analysis will be run.
The normal strain will be set equal to the average thermal strain (a AT )
in the case which is found by the material number NSM specified in cc 6 9- 7 0 .
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c. Material Properties

(1) Control Card (315, 4F0.0)

cc

1-5 K Material number

6-10 NON(K) Number of terms in the Prony series representation of < 16

the shear relaxation function.

11-15 NSFP(K) Number of points in the shift function table. < 16

16-25 APO(K) Equilibrium shear modulus, (F) (L)-
2

26-35 XK(K) Bulk modulus, (F)(L)
2

36-45 AIP(K) Linear coefficient of thermal expansion, (L)(L)-'(OF)

46-55 DENS(K) Mass density, (F)(L)'4 (T)2

The shear relaxation function is written in the form:

M -di t

(t) = A0 + Z Ai e
i=l

4 where

NON(K) M for the Kt h material
APO(K) A0 for the Kth material

An elastic material is input by leaving cc 6-15 blank and enterizC
the shear and bulk moduli in cc 16-25 and cc 26-35, respectively. A non-zero
value of density is required for the calculation of body forces arising from
specified values of spin velocity and/or axial acceleration.

(2) Prony Series Coefficients Card(s) (8F10.0)

j Skip this section if NON(K)= 0I

cc

1-10 AP(K, 1) A for material K (F)(L) 2

11-20 BP(K, l) p" (T)-1 2
21-30 AP(K,2) -A (F)(L)"
31-40 BP(K,2) (T)- 1

41-50 AP(K,3) A (F)(L) 2

etc.
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Use as many cards in this section as are required to specify
NO(K) pairs of (Ai, Bi); four pairs per card.

(3) Shift Function Table (SFlO 0)

Skip this section if NSFP(K) - 0

cc

1-10 FST(K,I) Temperature at ist point, Ti (OF)

11-20 FS(Kl) LoglO aT1

21-30 FST(K,2) Temperature at 2nd point, T2 (F)

3140 FS(K,2) Log10 aT2

41-50 FST(K,3) etc.

Use as many cards in this section as are required to specify

NSIT(K) pairs of (Ti, logl0 aT ); four pairs per card. If IDSP > 0 (card

4b) FST (K, 1) will be interpreted as pressures and FS (K, 1) are Logl0 ap.

d. Element Material Numbers

Skip this section if NCMN - 0

cc

1-5 Nl (1) Element number

6-10 N2 (1) Material number assigned to element Nl (1)

11-15 N3 (1) Number of elements with the same material num'er
as element Nl (1)

16-20 N4 (1) Element number increment

21-25 NI (2) Element number

26-30 N2 (3) Material number assigned to element Nl (2)

31-35 N3 (2) Number of elements with the same naterial numbe-'
as element Nl (2)

etc,
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Use as many cards in this section as are required to re-define the
material numbers of NCM elements: 16 entries per card are possible.

Suppose that a 50 element problem is to have all its material
numbers changed (NCMN 50), and all even numbered elements are material 1
while all odd elements are material 2; one card describing these changes
would read:

[1, 2, 24, 2, 2, 1, 24, 2]

e. Node Point Boundary Specification(s)

At least one card in this section

(15, 2(15, FlO,0, 15))

cc

1-5 K Node point number (NB(N) = K)

6-10 NFLR(N) Radial buuadary condition type

[ 0; externally applied force (F) (R)- I

1; specified displacement (L)

11-20 BVR(N) Radial boundary value amplitude

21-25 NFNR(N) Function Number

26-30 NFLZ(N) Axial boundary condition type

0; externally applied force (F) (R)-

1; specified displacement (L)

31-40 BVZ(N) Axial boundary value amplitude

41-45 NFNZ(N) Function number

46-55 BUTH(N) Skew boundary angle (degrees)

A total of NBCN cards must be prepared in this section. The axial

displacement at one node must be specified as a minimum requirement.

Positive boundary values are in the direction of the positivp

coordinate axes.
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Zero (or blank) function numers assigned to boundary value components
implies time independence (cohstant for t > 0). The variation of a boundary
value with time is determined by multiplying amplitude times theappropriate value of the corresponding function. All noaes not specified
in this section are assumed to have no externally applied loads and are free
to displace as the solution dictates.

The shew boundary is shown in the figure below. If BUTH(N) 0 0
the boundary conditions are expressed in the n-s system,

y,z
S

UH

x,r

f. Pressure Loads

Skip this section if NPC - 0

cc

1-5 IPC(N) Node number i

6-10 JPC(N) Node number j

11-20 PR(N) Pressure amplitude (F) (L) 2

21-25 NFNP (N) Func,,ion

There are NPC cards in this section. NFNP(N) - 0 means that
pressure is applied as a step function at t . 0+.

Positive pressure acts in the lirection shown in Figure 4.1.
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g. Damage Parameters

Skip this section if NDMG - 01

cc

1-5 LDMG(N) Element no. whose damage is to be evaluated

6-15 STZR(N) to

16-25 TZR(N) to See below

26-35 SCR(N) cr

There are NDMG cards in this section. LDMG(N) may be positive
or negative. If positive, the hoop stress will be used in damage calculations;
if negative the maximum principal r-z stress will be used. The damage is
evaluated using

1 ((t') - acr + P(t))B

PED- t cr dtaT 0 ot0 - cr) ap (P(t'))

If IDSP - 0 (card 4b) then P(t') - 0 for all times. If
IDSP > 0 the P(t') will be found from the boundary condition function
indicated by IDSP.

Data input ends at this point
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IV. PROGRAM OUTPUT DESCRIPTION

Output from the program includes:

1. Input geometry, material properties and solution time information

in a self-explanatory format.

2. Nodal point temperatures at the specified time-point interval.

3. The radial, tangential, axial and shear stresses and strains

and the average element temperature at the specified tJme-print interval.

4. The damage rate and accumulated damage for specific elements

at each time-print interval.

The printed program output consists of (1) "echo" reproduction of the

data input cards identified in self-explanatory format, and (2) results of

the analysis which might include nodal point temperatures, element stresses/

strains, node displacements, etc.

A. ELEMENT NODE NUMi3ERING

It should be noted that element node number data may not be

listed in the same order as these data appear on the input card. The program

logic permutes the order of the element node nimbers so that the largest node

number is always last (4th) in the printed list for each element. For example,

if element number 53 (shown below)

z

R

is !nput as (1, 2, 21, 20), the program will print the data as (20, 1, 2, 21)

so that "21" is last while the original counter clockwise order is preserved.

Efficiency is gained if the user specifies the 4th node as the largest for

every element.

The reason for having the largest node as last one in the sequence

for a given element is that three (3) equations are assigned to this node as

opposed to only two (2) equations per node for the others, A node number that

is not the largest one in any element has the R and Z displacement components

as its unknowns (2 total). All other nodes have R, Z displacement components

plus the "mean pressure variable" H as unknowns at that point (3 total). Thus,

node "21" of element"53" above has assigned to it UR2 1, UZ2 1 ' atl 11 53 as

unknowns.
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In order to assign equations uniquely to the unknown values of
"H" for every element, the program has the following restriction:

The finite element quadrilateral mesh must be numbered
so that any node number is maximum in only one (1)
element.

With a "layered" numbering scheme (across the "narrow" direction
of the grid) the restriction is complied with automatically:

y,z

x R

The "heavy" nodes (o) shown above hlave three (3) unknowns
associated with them.

B. SIGN CONVENTION

All positive vector quantities (torces/displacemients) are in

the directions of the positive coordinate axes providing the grid is positioned
in the "positive" R-Z quadrant:

y,z

x x,R

Normal stress (strains) are tensile when positive and the shear
stress (strain) sign convention is shown belovi

ytZ

. " x,R

x,R
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PEDt I !t (aCt') - Ocr + P(t'))BPZ :.... .. . dt'
at 0 ( )B

If IDSP - 0 (Card 4b) then P(t') - 0 for all times. If IDSP > 0 the P(t')
will be found from the boundary condition function indicatel by IDSP.

The value of P(t') is that portion of the inner-bore firing
pressure, P (t), which is transmitted to the point in the grain where the
principal stress, a(t'), is evaluated. The relation of P(t') to P (t)
in infinite-length cylinders is well known( ) (See Section IV of tis
report). For finite length cylinders the ratio of P(t') to Pi(t ) must
be obtained from the stress analysis.

For metal cases P(t') seldom differs from P (t') by more thi4 5%.For most firing problems this difference is not significant and P(t')
can be approximated by Pi(t').

Data input ends at this point
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A positive spin velocity produces hoop tension, and positive
axial acceleration causes body forces to be applied on the body acting in
the (-Z) direction:

y"'t
4f Body forces resulting from a

positive Z-acceleration

--~-x,R

V. EXAMPLE PROBLEMS

A. TRANSIENT HEAT CONDUCTION IN A LONG CYLINDER

The purpose of this example is to illustrate the use of the progrem
in solving heat conduction problems. A long, hollow cylinder constructed from+
a single material is initially at a uniform temperature of OF; then, at t - 0

the outer surface of the cylinder is instantaneously heated to 1F along its
entire length. The ends of the cylinder are insulated against axial heat flow
so that at any axial station the heat flow is purely radial.

Figure H-4 shows a one (1) inch slice of the cylinder whose inner

and outer radii are 1.00" and 2.00", respectively. The slice has been modeled
with a mesh composed of ten (10) equal sized elements; the "Z" axis is the center-
line of the cylinder. At time zero the temperature of nodes 11 and 22 is changed
from OF (TZ = 0.0) to IF, and as time proceeds the interior of the cylinder
begins to warm up; thermal equilibrium is reached when the entire cylinder is
at a uniform 1*F. Nodes 1-10 and 12-21 are insulated in the sense that no
externally supplied heat enters the body at these points. The program assumes
that all nodes not specifically included as boundary condition nodes are insulated
against externally supplied heat flow; i.e., for all non-boundary nodes, the
amount of heat entering a node must balance the amount of heat leaving that
node in a unit of time.

The solution spar: Is sub-divided into fifty (53G equal time
increments of 0.01 hours each so that,the time at the end of solution is
0.050 hours (Tlff = 0.05), Figure H-5.
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SIGN CONVENTION FOR PRESSURE LOAD'S

p

R

P-32 Figure I~
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R 1.0" - R =2.0"

2 13 14 15 16 17 18 19 20 21 22

1 2 3 45 6 7 8 91I011...

Z =I.0"

10 @ 0.10, 1.00,,

R

a. Mesh For Example Problem A

0.00 TMF 0.05
VP Time

- 50 intervals at 0.001 hours

a. Solution Time Point Array

0 10 50

T- T T

-1 10 1 20 @ 2 -1

b. Solution Output Intervals

Figure 1.-5: Solution Time Point and Output Schedules

Hu

H~3 Figure 11-5
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The output printing schedule is set up so that results are

printed at every solution time point for the first ten (10) increments and then

at every other solution for the remaining forty (40) increments, Figure H-5.

10 print operations at an interval of 1 = 10
20 print operations at an interval of 2 - 40

50 increments

The thermal properties of the material are summarized as follows:

-1 -2 -
K - 0.20 (Btu)(hr.) (in.) -(F/in.)rr

K - 0.20zz
K O.
rz

Specific Heat = 0.20 (Btu) (lb.)
- (OF) -1

Weight Density 0.20 (lb.) (in.) - 3

Heat generated per unit volume per unit time =0.*

The data cards for this job are shown in Table H-3.

FigureH-6 is a plot of temperature versus time for three (3)

points in the cylinder: (1) outer surfaL- (nodes 11 or 22); (2) mid-radius

(nodes 6 or 17); and, (3) inner-radius (nodes 1 or 12). For long times,

all nodes approach l1F in the limit.

A value of 3 was assigned to the control variable "JOB"

causir.g a termination of execution after the heat trarsfer solution.

If the results were to be saved**, then the node temperatures would be

averaged for each element before saving the results.

B. ELASTIC RING SUBJECTED TO AXIAL TENSION

The purpose of this example is to illustrate the use of the

program in solving elastic problems. A hollow, short cylinder is subjected

to an axial tension of 6000 psi on one surface and restrained (without radial

shear) against axial displacement on the opposite end (Figure H-7). The

problem has been modeled with four (4) quadrilateral elements as snown in

Figure H-8. The applied stress has been converted to equivalent concentrated

loads of 4000, 12000, and 8000 lbs./radian applied at nodes 7, 8 and 9,

respectively.

Output from the computer program is shown in Figure H-9 a, b and c.

For purposes of data preparation, unit heat generation is treated as a

physical property which can vary from material to material.
**JOB 1 or 2
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EXAMPLE B: AXIAL LOADING OF AN ELASTIC CYLINDER

6000 psi 6000 psi

21 6(10) 6 ps

K 10 (10) psi

's-211

4 61-

viu~11-7
HF-37
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GRID FOR EXMPLE B

4000 2000 8000 lbs

IL z 7 t8 lb Z =2.0

3 4

5 6
4 - - Z=- ,0

1 2

1 2 3 Z=0.0

SI I I
R-1.0 R=2.0 R=3.0

Figure H-8
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The solution time span which has no meaning when constant .loads are applied to
elastic media consists of one (1) time increment arbitrarily selected as being
60 seconds long; one print operation is performed at the end of the first (and
only) time increment. The average temperature of all elements is read in as O*F.
The pertinent mechanical properties are the shear (G 6(10)6 psi) and bulk
(K = 10(10)6 psi) moduli of the material. There were eight (8) of tile nine (9)
nodes desig:. ?d as boundary nodes; nodes 4 and 6 are unloaded and utestrained
and do not have to appear in the statement of boundary conditions. Nodes 4 and 6
were Inadvertently retained from a previous data deck.

The results consist of R and Z displacements of each node, average
element stresses and strains and the average elemcnt temperatures all quoted at
t'l = 60 seconds. The applied axial stress is recovered exactly as 6000 psi (SIGZ)
con. tant in each element.

C. PLANE-STRAIN VISCOELASTIC CYLINDER, EXA/1PLE PROBLEM

The problem is a long cylindrical bore propellant grain (1.50 I.D.,
8.0 0.D.) in a .060 steel case. The element geometry is shown in Figu'.e l-10.
The propellant relaxation and shift function curves are shown in Fig-t. es H-Il and
H-12. Sixteen decade reduced time points were used to perform a prony serleb
curve fit to the relaxation function and the coefficients are shown in Table 1!-4.

The motor, initially stress free at 135°F, was subjected to the
thermal environment, through a heat transfer coefficient at the case, shown in
Figure H-13. All nodes in the system were fixed in the axial direction to
simulate a plane strain condition and the linear cumulative damage was calculated
for two elements in the system, one at bore and one next to the case - grain botnd.

A listing of the data input cards required to describe this probletm
is shown in Table H-5. Line 2 is the title; line 3 is the control card; lines
4-9 describe the node point coordinates; lines 10, 11 establish the element I.D.;
line 12 is the solution time point and reference temperature control and lines
13-29 describe the ,,olution time points. Lines 31-36 describe the free stream
temperature function. Line 37 describes the output print interval. Lines 39
and 40 are the thermal properties for the grain and case. Line 41 describes the
convection boundary condition. Line 42 is the stress analysis title card and
43 is the stress control card. Lines 45-48 are the relaxation series coufficients.
Lines 49-51 are the shift function points. L.ine 52 describes the case prcperties.
Lines 53-92 are the displacement boundary conditions. The last two lines give
the damage parameters.

Selected portions of the output from this analysis are shown in
Table H-6.

H-42
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TIME TEMPERATURE SHIFT FACTORS FOR .A CTPB PROPELLANT
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8

'6

to'
0

2

-100 -50 0 50 10 5 0 250,

Tempdrature, 0*F
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Propellant Relaxation Function

log(t/aYT) E B Ai A /3

(hr)
100 33.333 0.

10-9 44000 3 x 10 25836 8612 1
-8 29000 3'x, 109  12087 -4029 2
-7 '14000 3 x 108 6919.2 2306.4 3

33o0 3 X 07  3915.5 1305.2 4-5 5000 3x, 106  2435.2 811.40 5
-4 3000 3 x 105 1341,9 447.3 -6-

4-3 1800 3 x- 10 1033.9 344.63 7
-2 i00 x lO3  457.98 152.66 -8.

620 3 i 102' 265.80 88.60 9
0 410 3,,x 101 :137.74 '45.91 10
1 320 3 x 10 .16481 .0546 Ui
2 280, 3 x '10-  113.47 37.82 12
3 210 3 x 10-2 2.9029 -. 9676 13
'4 '190 3 x 10r 3  60.2506 20.0835 14
5 150 3 x 10 4.26975 1.42325 15

6 130 3 x10 49.4143 1-.64714 16

16 -Bit

E r A 0+ Z A eEr A ie

ii-46
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FREEr-STREAM TEMPERATURE-

(H - .01-25, BTU/iHk/IN. 2IF)

1W,

120,

80

-40,- I I I - .

-80 48-- 9 144 192 -240" 2-88i

Time lr

H-47'



APPENDIXV H

6 .. 11

1 nom

i 4- 4j 08 0I

AN P. A K

00

n f " I I,
-- Nf0 060

800000 * *0
WI. .l~igu ; FI .1

- ----------- -o --- --- - -- - - - ---

.1,46.

.4 A A6..I6.

0. A. Zd .

4~Z 103,115

*-,to0- On- .1 o o *v .9 a n~~ 00 4 .
.0 -t -Wo * * *i . - vA6, * l

ot I~ 0 #'

.0 IS 4 111 4

-P- *0 0 * P -

if l Z on- - - -~VA -- -- 4

-0,000Tabl H-6,1l''

- -6.6fl~l00t C3~0O~~l0 -je-oo
0

I8



I 3

1- 0 -0. t : ':,

0. 0, ,0
01 '0 .0 0, :10 1a01 ,

O . 1:0001 = :

ow *zo 1.; 3 a' e 0a9t

I a 3 
.

10 1 - J I - [

Tal 1- 'Cnid
* I I4



APPENDIX H

a a

J:I

-~~~ ~ --; M m ,

owvo1' -r-- o I

low Saw",
La " , I '
W19~ : U1 aa

14 n* "O. a oo-I, tc a

j 05
2* zwo 'I.1a

'I~~T~ H-6r~f~TlI Cbnt i a



'\-,-,'~

APPENDIX H -

I :2.-i - I

iii;' I.. I
* '~ ! I
a I I

. a '~ I '
a ~ I , I

a I
-~ a aI I

I ,- a
I * a * a
I,
* . I
a I

a !.~* 'I -[ .' I.

I 1-

a-I a

a -

a a
4.

- a5 a
I.-

a.; - . i -,

I * .1 a - -.

a *
2 - * I

- I a, -

j .~ -, :-
I V I

I' I -, .1
a * a
* . a a

a -
I -

a.aJ ~ 000Nfl @C0NC*~000 fl000~.vibVaO0Qv 000 flOOO 0~0ladfl%000.aafl..,Ja00a,'a4aI
4 

@00 ~dA~-J~00@
s) ** a... ala * * * *.a a a.... * a a *l***** a a a a a Va * Va-a a-a-at-a a a a. a a a a. a..-a*. a.,.. a,. a * a .~-. a a-. a... a a-... a a
£ @@@@0PI@@@00aa~0@0@@~00 P ~
V I -. I - a;..-i ~ -. -a

I ''~ ~

~.iI .....*.?..ltJt...?aeae.e*II.*.ae *e44~9eE44ee4.4#.e*#4#4#E44.4q.e4.te.q.#e*..#e
- _ I - - ~- --- I----

- a

.11- .111 a11. -

~ ' ~ ,obNt...ra~NNNOSeeea: * I. ~I -,

-E * *

I>
- , a- - I. a
-~ * a *. -~ - a

--I I * * j-

*-* - -~ - I- -~ - - Table ?H-6. Cont'd 2



-APPtNDIX 11I

" 0 O P 1c 00 I no " .,a 0000 0 0W W W VI :li W W W A - W2A b w w i u w W - O U -'1 .-6 1 -1 ! d00 ; I401 t ry0 514" AA oAv.n

- ~ ~ --- -- --- 19

0 00000 ooopoo a0bo 002 220 00 0 oo'no,00n~

ArqvDEoo ONO CE00 nio s 'Dioo IOAUE0a-yq no~90 0 O o-vo 0'~tt iii- 10. WV*4 ,
.- f NIY -Af~ -PV -fevP1 --N~mpl. -- yI0 -y M''i -4I

co00000 0000o0, 00000. 000000 000000' 0OO0OO' mflOOoOO' 000000 0410000

00000Pn aOoN--o NE fl4 a)aJi -~.NI V &.fl. -.CI tP UI
m wis00J MMn IJ. 0 r' 11 NflEo'M 0. NM 11, ,1 -- pN,r - pIl.~ r Ulu 0 II1vvl

2.7

VI 0000000 00000(0 COePOO' '0000000 0000000 0 000 00 0000 -0*0000 ' 000000

a hi!iWhiIfk WNJWhkiW wwwwwiUow WhJIk I&Wh WIIW WWUw WW Ju.ww hjatajWuhw hiIAhl,,I.W J

000004 000000 m000 0000 00000 P. -D~~ oo0i' ,0'o~o

oeONE) ell NO* E0 N~ N OIJE *OciE 400190E P#. c Y 0ot In~.2f 1 10 IOE
.1- I N~I NN,"E 3vo;i~ o 'dflE n. 0,~ - O~I -1A

0000000 ~ 00000 000 '0000U0 00000 nooo0 o- on" Joo'en

qpohn oop D ico 0000000e.0" .. VNV4 oOON 0000001 o-' 10C. "ej n'~ ftf9^j N -00on'
00001N0I U !-- INOi 1 1 110 p 1 0,0 "; v*'1

1 1
1Ir ai0 a1P oo .- 0.. .. bO -Y In av0

0000 00000 0 4m00lzo -- 0 00000 00000 "20'0 02).'.- "00000a0 0 A 00

.0 '*6- 60000 0 0.E@E '4EE111 _-Jon*EE *E~*9

rcd -1 'rypi - n ,-- ~ '

0000000 0000000 0000000- 0000000, 0000000 0000000 000C000,0000 .20J30 2J000

00=**o 0N 411 4 N P.' p9 0 04A09 zl09 410 44 ~'"N~ --- 0

N 000000 00000 zz; IZ 000000 2000000 o0*0000 0' Z 0020 C 00,40000 '3- )0)oo 00,"I001

*v 0' 0. N a -, -* ', 10 v -

0000 000 E 000000 OEE00*EEfl 0 ;ocooo l00V%:o 0 m11.vc OE9EP o09 --1 00900

0 .00!24 00 *0000p00-N 04 *00000000 oo~c'*oocn 0000 000
0' 0 0 4 ~ '0 0n - -0 *A 0'

0 0 CZ- 0' o0INnj (Y

.2 
- -op

H1-52 Tale -4- -on'



APPENDIX H.

A* A

-S 00.
i p:: rI:00 p 00 00

IwW~W-)w "' w 60,0
00 0 NF90000I000o 02000 -0

w 4AJ f 0Ia00

00 :: ; 04

M. :ZO 
10 IV

W Ww WO i

o " .- o -hi

:W .6.3 ; 1.0 0 0

* 000OCA

" 0. 22o I- ' AC~vi WL

*0 0 Sir~ @ ~ @b 000 C IA i

I"~~~~~~ I. IF !' ,Aof A w

LmL 3p 3ou !0

ca o %jU s- -X

W~ WW

In' '2 0 Ibi.9

4, I I *!a a

Tab9-H4-Cn I'd.

U 4 Sf11
1

**A-53



APPENDIX It

zu ~ ~ I060*ooo~ooocoooo~oo
OwI

I i

22.1

cz~ooocoooooo oooeaoepo00000060 Coccopao

mp -. -
7 nI

10 ~'I 4 0

4~zz

wsJ -s 0 -

Ow v a -A

Oau 44 00

0000900c*0

OUm 0a . -

Tabi -Hr- dcpn'

* ~I-11-00



APPENDIX, H

p

I '
I- lot wo w viv "

V; el ro,, 1;,rIjIII;I:I;Il 4 . ' n o" . - )W 1.rr)w ~r t'7e r 4)"r Z

W 
.

I 1IILIw , 1

W-w w E uII I lU . od WT II TO

InI

fir ekf I I

I I~ I- I'sI

to - -000*0 2a)0 "e

---- I il I0 O 0O O 0 IA 0O 0 O O O 0)

LB. lii Widhi hi WIY U a. -)' 10 hi hi .

A- I ' "

S - o 0U *103O 00O00 a 000 COOCI9OO00 0 .0,:.0 1

WW I B I I II I I- . C14B 0I '1 W I B-B 1 Bo' B'I1 I0 a 01 8 I1 B11 B0 IC. cB g1gT 0 1 1i 1, 1', 1 B1 1-1W
2w illw~llti. J..JL.-Iw JhDwu 0w f i to u3Z~ al.. aW~ Ud; j L%£3W 1uJjul 1 wl UW .L1Uw.JjuslaB *JD

w MM#V . O %4 h 0 C- 0 *1 V NC -N -I. C

o w. M -0 tP'9-C C o h f. 41 1i Ju AN ~ 0 C Af' N )0 11 in nt Nk -0 ifl.P qI~ ifA N S m40 N0W~~~~~~~~4 * 'z * '4~ ' ' * *A, ' Z, 4' it -0 *. . . * * *i#

o l Is Is in I-h CI c 4 .B6 a v iB 0; It Is f- N ~- ~ - - ~ ;'BaBBB ,-

o~1 o W aNC 0''fli CCC PIf 0 CIOP£P1C?)C5C # 0CC3019P
a. -OBoooa 0004ooo , @ 0i OBCOCOOO'OOOO 0 0OO5000OOC00no000CI
O ~~ O~l 111111 I o I I I 1 k'I0 1 1 BIB 1- B1 I 11 1 h 0 -P 1130 1 VIA IIB Ii '' ~

o ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~~4 4,A hiI!ihB LiW~&W~1C N -, .-eh ILhWhU-L.i.hW'JU e' -JLU-iWUB~IIIAAWL

-a! .I. I 1 V a ' ,I . 4 . .**;
-ii* ffljC1f 109, -i to N A P A b ~ ' 0W No -n lO O 4 S No-b : 1 0I l

MI 'A-s 4 1-vo
- IAO O I 0O O0 OW -IilO O0l0~00~J I. V I V T 77T11 #--I T 1 77

N.~ ,'.1 BBBB11 B "- i BBBiB '~ is.~3l BB' .- -- - -- - -- ;M B B .B 'B B B' B

at 000*B 000 aLJ 000JWC a- '0 0I I I I,00C0 00 4:7OP000

.4 N N' l 1 11 - I i so
I 'sIJ 141 1 11II , 1-1-N '3. 2 E1 A O

w 1glew B3 Bl 1XV B IN w' V1 B B' v1 BIB " 411. W -g B IJ. j BI B

I NNNNevrilv 'l fN fL".' t- - - - - - --o am -! 0 a 0 a 000 O 0 - 0--

*~*a e -000 O 0 O @ 0 -1'-*0C O 0O0~2 o00 O ~ O0 0
FB-B~~B B B BIBB ~ 1 B lB olS1 -'B -B I . I '

NI S I BB i' $lotW I if' 0'Ii hi *,i1,W1.1B foal 1-d h S £3 J l 8B 311 Jj JjB£ 1ipU.I "

£., ~ Nabe A 4 N. c l '

I'-a - to' -6 - -s' - -

I ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ V B 1. 1B1 B 1BB' -1 v.,'* vrf uqB, I I A.iA BBBBB B BBBB BA

B-.E£IBIB JBi'ii.~~iiU~JdW .NU , _14,043i.B~i -A .~CBh 3BJ BiIB.BB.. 4JiiiBd

.1a -a0 p .F a1 C0.9.S9CnPIB c 'o P1 CU -V0AC 0. 0, 0. op co-- - - -

*A I 1,0 A CIA I ' '1 Alt] A 1 1D f **ASAAA* ~ , VI £1*.A *****AA**~
OW ~ ~ ~ ~ ~ ~ t fmmaovB *C*4 N- -- -- -

VI' ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ T~ H-_6C6C~.-.7~tA...BI :4CIoBl n BBL LEB141BI BIS'

~ B~BB'f1-55



APPENIiX ~

- - -- - -- -

0

0 L

~4 14 I I I I V IA I I I I I'l' I Sg- I I I~ ~ Ui 'g g I III8I I I I I g ~

* ~ ~ ~ . .. .1 .0P ...'44 03 . N -4i . .
6
3 02. .. U.3 -8 -I.U' * 11 i4 '44.

-, 2 *.06 4 *61 * 1 * 3.0. *.0,50 .000-1:0 * 0 . 3, -j... -.... c*.u . *

,"b T 1 II0 II I I1,~ I0- I '8I I I- I V g'a' g I I I I 51 ,- 4 I ~ II I I I tA I I 1 * I' - 1 - I A

12 .4 .... to..4, 4

It I I ,1$ 4

o '2 29 22 09 92 09 0 0 09 CO.9 VC a 0.290999349297 9
. 1, 'I l lil lilt *6:* C, * *4 I*s I V I I I I 6 I I I . 4 ~ *1 W* 0,3 *' 1*14. 1A I 1 *1 1 1 19 ,0- 1- 6~~~~~~~~~~~~~~L ki-t u)9 92 9 33 4 7 7o 32 2 0t29 2. 3 .2 2 2 3 2 -

- ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ pl - _0, 1~" 1., 439339 r9 to C 2244d98' 9'--8N

0- 9-8 D 1) 00 0 0C00 no00SO' ' T2'006C2990

~Y' 81 L 4'U.I . 04" . U I.' ,' i .1 !2.J4 W 421 4 1 0 0 J" 11 * 1 81' 3 U .8 ' U O1'* W I2 M ,E Z 13 U. 1da6. J 81 I " 8 2 ' I 6 I t8 ' "

*. . ., C . . ,' *1. * ** * . ~ *' *1 . . *. 46 . .* . .t .. . .

*8 8I ; to 114 go' I ' 0111~- - 11 ' 1 1 9 1 ' j, I3 I IA Illeu. I 1- 1 -11,1,1 1 1- 1 1 2 i IIiI 61 III681 8I

- :-C O6. . *. U3 .~ v 6').I ": 0. GJC o810 0.4L 0 0.3 v.N 0, 0011!~c"olc D v

2 ~ ~ ~ ~ , 039 3J ''3 0 0 12 -1O 41, 1:6O90 0 A 0 092 0 2 2041? 1).s

~~~~~~~~~~~~~~- - -33' -" -6~~4 -2 -2 -~ '- - -4 -8N44JNJ3 ' -49 - -4 -~.

* 8 3 I 24 I1 1 V11,I1 I I IA U4 II 'l I 88 LI I I.- I Ill

- -, - - - -9-

2 ~ ~ ~ ~ ~ ~ ~ ~ ~ 'al P-69O49C-200O '4C-on220003000d4-

'9. 20 90 023 3 2~2t30..OOCi2'69003U290'O 1302-560



- -APPENDIX-H

q", NCN4 IV 4 1' N'NN"C4N'4N N 
-y

0-crouu'.ou 03 vouuC 0a uo C O 000)0c 3',oJulut) '0,3U0U UCUJg(r ..

Is Issp s4 1 . -

0" 0.v4 3-'. ..P'j

-a v 1i 3C'3 3C.'-3 0 0 0 0 3 0 ~ 0 U Zoo a0 -.NO03 0 C' ' C. 3

u ' 3 3I -33 .3 3 I3 33;' t 3 .3*'3 3 -3 3 33 33. 3 3 3 4 33 33 3 33 3£ 3104

If s gih3 3333 33*3

I4 4

N'4 ' A*i3).t", ' * A3 1 -1 vd JV '3 '3 44 * 0 v -W- tN 1I

.1- -1 0V L 3. aJ J ~. 5 - JN ' . .3 - 0 .3 % 3 Z

j o .,01 1) . . 3 ~ ' . 1 1. * . * * If s.... ; - .......

Is 1- 33 Is 0 . I,-
n"N ,. Is. .3 . .. .3 . .

O~~~~~~~~~~~~- )33 .''f00.0OC ~'''Vt~'''
M12 All] 0 11-N 5"3y Is v

o P.13,03 "333133 ;j 04:1000 .403 'CC O I ^ '5'1 1 * nv.C'wS-- . --

.' ... Is * . .... . .3 -.. . .. I.* 
Is Is Is 33

0.. a, '0 C1 Es'5 o 5~' --) 
3,O 330s''

3. 3 3'3 333,3 3 -%C-. 3 3 n3 n .t .V 013 3.73 3 333o3 t.35 C% c3 :3. I.33 33 333

Is . . . . . . . ... . 1 .' . . I's 333.. . . . 3 ................ '-
Is3 ,% 3 4' S' a' A"

Is--------- 
0' 14

-- - - - -- - - - - 1 - - - - -- - - - -

3.. Is.. If. .'-...' - . . . . . ... t - ;. . .

.11. 1An nf. n~n -N . .. - -. - -N. --.

£~~ if if4.' .

o- 33tt."0 %.0 "5 lo a,,. A.3 . 30 J. a, -j 7j 'JO, it 3 05,33

.3 1 .Is, l I AsI) 0 f l;1 -'7 .3 4-

A.5:) 03'303 ~O334
O3000COOOOOOsoO

3  006 002I~.
- Is

vs Is
Is N3 -lPC.,~ J'3. N I I - 0 N's, -.- -f- - - -.--

41-5

'C C, >a~ '?.-.. -- - -----



APPENDIX It

UcoUU~VO) vOOJUOfl~eoU
10 U ou U cJ.'.... :0 U' UUJ UU U UU .Ju j W U, UipO -.UUU U U U U U.,.

444'I 11k 'IFL 0IU I.4 v wL'A 1,'L,. z*l".WW ~ t LIL1 g .

0'" aI , " C. 11 I, 1) a P. 1, i I I IU ~ ~~ ~ a. 0P.P.NP.NP.D0J,5PNI,0i %0*~ ~ ~ J . .U..0.PP.1s~~p~ ~ 3'0'~ft ~)t OOOa'0~tC' 0' J0OCo'0U . I

Z%- 
a6t e t N ... ~~--

'1 4Z

If 1 04 r I If I", T
'I U~j "0 U 0- 

.1 A J~
3

?O5 c j.A '0

*j *... *1 4o . ...~ . .' .

C-II I 1I I 0

$1ful l: -It -1 9'tl VU VN 0n ,. ~% N1.'W -i' vj-Jn4$z
"I' I Z-! O- ooN re oofo, a 3. . ......

4 -4~"~ v, ~ ' - . NII, ;4,jfl J'N4.4. 144'1 14

-tI 1 . .. - 1,-970 of --. Ill I 18" 0 fl.N.n ..

-4 - - t ' 4 9 c 'r. -N - -A.P - - - - - - - - -1, , "

9011 -- - -J? -9 - --

n, :0 a, It ' C.
I 1 4 . I- 1I

~~~~~. .. .... . . . . .*N. ... ... . . .

- -I ' - - -N
Jc" OOO DIV - - - - -- -N

St. . 1' 411 1.a .. 4" .

-. -' - -1 4 3 ---
C(~coeoo oo oeoo O0 C0o c oo c o O00 OO OC'00o*,*oo0e t,

3 ~ ~ ~ ~ ~ ~ ~ 7 0 . AO.4P N'P3 0o.J 33 ~ 9 9 A ' . I P. 4-1 tPO%3 93'j4f
-4e 4e 3, '91L.~ - -~J4 4 4 IV 4 -4 m. N~~.4~ 

0 ~ 44, m.3 . A3 .. m -, w41 _ 08
0 vIN N *.* . . . . . . . . tun 11 4NOCI** N mv *.,.. a I V -e m ,4i.Ii.0-e a J

-~~~~~~~~~ ~ -04-'-0N- -.-PJ-9- -OP- -- -SV4.~.Nl~0. -N - - -4' N -~P3 -

Table j 1- 6, Con t d



AP r IJ' If

V I-zZzz. ; I [u
1WqV Wu V ,- uI 14 . f

tI II I III I 1 I I
Cuo 040Q0 f InON t

oOOO ODDOOOOOOO. 0 00000 0 Z, 0OO00 0 0 000000000111.)(30003 U70 0U 0 0 0 aL4 al .U WU. WJ I f Ifa.W W IJ I I * 4 1 1111 1 11 11 I's la.Wf~uah~tfI II
I If I. I I #U-:U dJ ,-j I. 4f -W 1 .P, Jfl4P lP

'n 0 1qu ? 44q, 0 4 w N~ uO W..4otqVCifNU41JifIifif4JiN 1)P41:

V U

* 00O 0000p00.P 0 0 00'000 0001100 0 0 O000 0ooo ao003. :

0. Ill m~ N~d s'1 4-l30 0V0 . 4 0 A 41 t- .1 ,0 0 J-I 11 N74Q a - A Z P 0 a . 1 -I'" Z:

aT I

f44 N ; : NrV3 ," j jNNC ) '

o O ~) 000~0 1 u00 ooZ0*3 .0l00001 0 0 00000C00 000 31.

a,~~~ ~ ~ ou'Il II It - 1111 c I J, I I I I '1 1 1 cc w'- 1. 1 1 1-- 1 1 1a 11 1 1 ri III I
'~~~~~~ Ut Ill hW3~ t - Nl it W L 0. U. L0 . f us =. wi w00 w1 .i q4 to

o tic N-O - 0 9 -ulNA7 4flllfl- 0 0NDO~

1$o. . .e 0 ... 0 -111.1

o Ol0000Oo~000000C0I0 q. I000 O OU)0'I
v, ~ ~ ~ ~ ~ ~ o I~ Iwa Ia a 'III1 1 1 aj w, I I IA II II I'l I(1 N 10 111 VI IIII I I II I"IWI

- . ii lgjiW '*'-i1J U ' -Lk .U) '1 4. "" -CJJI J~l.'J~.LlL~l f
& Ia) PlwNN ~ -0 ~ 3 ?i O J - 0 1 t.. f l0.uIV * i. -f l.il

INj I t1 W, f'101-4 N1 T0if ~ ' ~ 0 ~ Nl~0 N.~. t~j Ju11 1011

Si'i~fi~f~..i., tof~i Aff. . . . . . . i ~ f . . .

K~~~~~ 0 I Wa 0 4- 4-qqt. ii01 -

M ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ I "I M r, I "I I) m. 1 -1 ul I A m 4 IC I4 1) )aI Z: ifo 'b=:o 2 I' i- r )- )- 1n-

. . ~ ~ -- ... I4~ ... .4 .J .I.. . I4)~ .

00o

-@ 0000000000000400000-0

-M -P '1.OO P. N C 0 Z 0Ok -10 030.04010 0 AtO p~~o300 0 , "naZz DD ,1 w00 t0Nt~~~Nb Ii hIiaIWIii.SIiJ.gf f 9 , ~ ulC :ua.~.......i

0,0 A. -) 0, a %.1q4 ' C

'if~Tal 11 -IA jt9I - O - I 9 On~

* *fi-iiffiiffiff. *~. *fi'iffiififififfiffiifiH-59ffi



APPENDIX It

N N 44CNNN c w 4NrNN( 14fyf
-C a *JV)u~o ou %) 00 0u PO a

-. - -I - - - - - - - - - -WI~d* I -~

r. c,0303013)COV00O20 0

N ~ ~ ~ Z P43 ~~5.ai. 3

-1 3 0 l.0S00O

0 . . . . . . .1 . . . LUW.J L

3. . . .. . . . . . *

-o *,. 4111 4 Im I'm 0
0- 1 *5 '

-C ~ ~ ~ ~ O'- *'A!~5~ ~~.'I3
0 . rc00

"OtI 11I a I, 'IIu 11

-~ f. ''2iI4..I .~,LISfl'A'U L
ft a: j O~~~ Ly m '

4. 044z4 4--- S V

- - --

I. *' S' X :1 s,. ; 1 V. .S r- la ,

.. ...J '. .. . .. . . I~Aw

- 91 *flI0**. . . . . . . Cl.0

Ta l --- 6,C n t

* -!. * US S-60



-APiEDIXI

NONY.LINEAR ANAL YSIS BASED ON.PROPELLANT DILATATION,



Aerojet Solid Propulsion Company
Report 1341-26F

Appendix I

NON-LINEAR ANALYSIS BASED ON PROPELLANT DILATATION

In generai, the-response of grains to various loadingconditions
is-mainly determined by the dilatational behavior--of the propellant, hence,
it would appear that aceounting for the non-linear di-atational -response
of propellant is of' pximary importance.

Although insufficient ekperimental data is available to permit a.
comprehensive characterization-of the non-linear dilatational effects, it
,was felt that an evaluat!on could'Ne obtained by utilizing a, description
owhich quaiLtatively accounts for the behavior reported fo' a limited class
of stress states in References-I-1 and I-4 ,and which predicts reasonable
,results for other stress states. Because of the tentative nature-of the
characteriiation, it was deemed desirable to approximate the non-linear
behavior by anequation which could be incorporated' into the existiig
analysis, with aminimum amount of effort.

With the above objectives in mind the following appr6ximations
were made: (l) The thermo-rheologically simple linear viscoelastic
distortional stress-strain law and the temperature induced volume change
relationships Would remain unchanged; (2) the stress induced dilatational
response would be -approximated as elastic. It was felt that the visco-
elastic dilatation (compare YFigures 11, and '12 of Reference 1-2), is of
secondary importance as compared to the basic non-lineak effects.
Additionally, the lack of experimental evidence concerning dilatation
during unloading precludes its-consideration at this time. (3) The
stresg-dliatation relationship would be considered to be temperature

- . independent (it was felt that the actual temperature dependence was of
secondary importance). (4) The characterization would be limited to
mlatively small strains. (5) The elastic relationship betwee the

dilatation and the stress state could be xpiessed'as:

(@- 3dAT) f fg() f, f(,T.) I

where "f" is a non-linear algebraic function of the quantity "g", g (H")
is in- turn a non-linear funcrion of the stress invariants.- The stress
invariants Are defiiied by the equations

- -

-
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11 + 22 + 33 -(1-2)

4-5 T -2 T T T
2 23 11_ 31 -11 12

T T I T T
32 33 31 33' ,.:2 :22

'll 12 T13

t3i T __ T

!13 23, t 3 3

For linear theory we have g - i and f = ..

(0- - 3aAT) = K, 3  (1-3)

Appropriate forms of the functions ,,f1 and 1g" were determined

in the following manner. For a uniaxial state of stress (i.e., T = 0
except 'n 0) noting that ' 3 -- , it was assued that2g(' 

) 
"3 ,i i wi' 

i.e.,

(0 3caT) f(,11 ) (1-4)

inspecting results from uniaxial tests (and unlaxial-tests with small-
superimposed hydrostatic pressures) the form of the functiin --f, was

determined. The form of the fnction "a" was -determined by _Inspecting,
-the results of unwiaxial tests with various levels of superimposed
hydrostatic pressures. Lastly, the forms of, the functions "f" and "g"
were approPriately modified so that the predictions for other stress
'states would intuitively agree with the physical explanation, given-in
Reference -(I-2) -for the non-linear dilatation phenomenon.

",. T-2

------------------
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The experimental results presented in Figures 8, 9, 10, 12 and,
14 of, Reference (1-2) were,,plotted in the form 9 "I' in Figure 1-1.
Although. these data certainly demonstrate a dependence upon temperature
and strain, rate (and'bf course a dependence upon- "volume of loading"),
insufficient data were available to ,permit a description of this dependende,
hence, it was neglected. No dita was a-vailable for compressive stress states,
however, it was anticipated that for negative stresses the re~lationship,,

would be relatively lihear. The data presented in Figure I-I (i.e., the
function "f") was -approximated by a hyperbola, i.e.,, the relati6nship
between 9 and the functifon "g" was written-as:

0 2 +  2

- 2'2,

where

I e + - £i go)
~0

(e81 0 - g/K-)

K g

gi

82 f gi lc:

1

KT  (gi - g ):

T

The meaning of the parameters K, K, g, go and 0is ilustratedin

1-3

-, , , , ,,5
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VOLUME 'CHANGE
(Data taken fromh Reference 7)

180

160

140-

0

4qX Vol. % % filled polyurethane rubber
120- m, hydrostatic Pressure, psi

0.0

C tai at,

'.4

.4

ca

"4 80

Test 'Symbol Temp. 6o Vol.%

1 7F0 0.-66 63.5

2 3 '-10F0 0.66- 73.5

30' 0.66 70.5-

7 to ______ J-_15 0.66 63.5

20'

0-

0.01 0,.02 0'.03, 0.04 00 00
-Dilata'Eion, R, in. 31#n. 3

1,500,00'

1 -4
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Figure 1-2. 'The form of the function g (-4 ) was determined by considering
the data presented in Figure 1 of Reference- (1-2). A number of-different
functional forms were investigated from among which the following form
was selected.

g(91) -e - K'f2 +K 2  t+:K 3  
3  (1-6)

The values of K1 , K and K were selected by noting that Equation(I-l)
states that for a given amount of dilatation the value of "g" should
be a constant. Thus for the different stress states (corresponding
to different values of hydrostatic pressure) given in Figure I of
Reference (1-2). an attempt was made to select the function "g" so
that for a given value 6f - all statea would yield a common value of "g".
The following values were found for the parameters

K1 -4.9 x 10 - 3

-5
K2  2.3 x 10 -

K - 5.7 x 106
3

Using these parameters the following, table was constructed

2 -4 5'
'Hydrostatic .
Pressure, G 4 .005 0 F .01

psi, 13_

15 66 54 84 68
L 65 -66 -5' 9-' 14

165 101 -150 i25 -115

If the dilatational response could be, described by a linear elastic
law all the entires in Column. 3 (and in, Column 5) would need to be
approximately equal, the extreme grossness of this approximation is

- - evident. If the nonrlihear' function-"g" is-to represent the experimental
data, all theentires. in Column 2 (and in Column. 4). would need, to be.

I-5



Aeirojet Solid-Propulsion, Company
Report-1341-26F

Appendix I

PARAIETkRS DEFINING HYPERBOLIC
DItAFAtIONAL RELATIONSHIP

gi

I6figukre -1-2
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approximately equal, while .this is not true, the very substantial
improvement of the non-linear representation as compared to the linear
representation is evident.

While no experimental information was available for stress states
other than the uniaxial test with superimposed hydrostatic ,pressure, it
is extremely important that the proposed model predicts reasonable results
for other stress states as these stress states may occur in .a given
grain probline. Utilizing 'the proposednon-lJinear model dilatation-was
predicted for the following stress states:

(a) .Uniaxiai stress with superimposed hydrostatic
pressure (Figure 1-3)

'(b) Hydrostatic pressure (Figure 1-4)

(c) Biaxial stress with superimposed hydrostatic pressure(Cigure I5

(d) Simple shear-with superimposed hydrostatic pressure
(Figure 1-6)

The straight lines in" Figure 1-3 Indicate the predictions of 'the
linear model, the'curved lines the predictions of the non-linear model.
The predictions of 'the non-linear'm6del qualitatively appear to be reasonable.

The incorporation of the non-linear dilatatibna- relationship
(Equation (1-1)) into 'ihe existing thermoviscoelastic analyses presented
-some difficulties.. The existing thermoviscoelastic analysis employs
the following'incremental-relationship for dilatation (for time increment
N).

(ON,- 3% T )= N + XN tN-l .it 'N' (1-7)

In the previous linear analysis K was cc'nsidered to be a constant '(the
,elastic bulk modulus) and XN - 0., The-utilization of Equation (I-7) as
an approximationto Equation (1-1) was acomplished as follows:

Having obtained the solution for time, tN1 consider the,'utilization
of' Equation (I-7) for t ' symbolically denoting the stress. state
at time tN-. as Ti' an athe incremental change in s3tress state for

N_2- tN,1 as r'ij . The following two aisociated stress states are- defindd:
. ... i N-l

!' !7
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ij a i, *'

T, -T + AT

ijb- ij + ATijNvI -9

Utilizing, Equations (I-1),, (1-2), (I-8), and (I-,9);, the following quantities
'Are caiculated 0 O,, 44 and,%. The following approximate relaftonshipoaj ,o -fa^
is written for va.lucs of W between 0 and

a 'b "Va (I-10)

a b

Assuming -that the absolute, value of ,the change In Stress durihg the
.Incremeit AtN will be 'of' the same order of' maxitude as -1 1,&T i '

'(i.e., using Equation- ( -10) and writing ANG ON + tS9 and'

ee~r~ + o% yields

a b ; 94 a + a be -I + AGo Na- + -0a" *- + 'A () "1-1)

Comparihg, the above expressi..t6 -Equation, (1-7) yields

= a0a 0 - 9

a b -2a + a-- b_XN Ga ORKl " : :b ON;"-1 ON-!

Because of the, secant approximation to the-non-linear functioni. n general,
XN, \- 0,,

1-12
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BA3iC CUMULATIVE DAMAGE EQUATIONS

The LCD'relation me elyf gtates- 'the, manner in-which-dag n bade.
To iapply-the relation in a three-dimensional stress field requires-a time-
dependent, stress failure-criteri6h An empirical: approach. showed t-at :the
applicable relation. is a -time-dependent, naxiiUm- principal stress, failure

criterion (11S).

Combinin#g the LCD and MPS criteria leads Eo irtegral relations which
take full account of thde past stress-time-temperature :history at a point

in- the grain.

1. Linear Cu'mulative Damage Relations

The very 'imple relation, ,applicable to solid propellant failures,,

is defined, in terms of tests made under a constantly imposed "true" stress, o t .

For a,-number, N, of discrete stress leVels the accumulated damage fraction,
ED, is given by the, following linea- relationi

I', N, L t i  (J-l)
ED E,.P'n i± tf*i

where ED is the cumulative damage

P(n) is a statistical distribitiob-4parahmetei And' relates
the n t  I - inthe distribution to the mean

-of the population.

Atj is the incremeht of t-ite the specimen is exposed to the ith

true" stress level

t fi is the iieah tima-.to-failure for the population of -specimens
1f the specimens saw only 'the .ith "true" stress level.

'The accumulated damage, ED, thus gives -the fraction of that

damage required to fail the specimen. Thus, by definltion ZD = I at failure.

The paraineter, P (n), 'is a highly', usef ul. term in that it provides

the focal point for all ,the statistf;cal s tudiles pertinent to,,the
cumulativ e damage relations., In its simplest form P(h), defilne's the position
of the ifdiviadl failure with respect to the meaf of the-distribution of
thi' e-failures. This is seen on consider'ng,-specimens held.-under a single
stass i where P(ri) equals the ratio of the time-to-falure, tf (n), 'for the

nt. individual divided'by the mean time-to-failure for tilc enitire ipopulation, t-.
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Thus, we have

-R - tf.(iF jr, (3-2)-

The cumulative damage relation merely preserves this concept
of P(n) for conditions of comnplicated- loadinig'histoies,

In Reference 3-1, it was shown that P(rp) is independent of the
--stress level. This~ jus-tifies-placinig the paramete ,utside ,the summationt
in -Equation(-i-

Statistical evaluations of*P(ni) obtained 'fromR solid propellant
failure testing, show the paragmeter to follow approx'hnately a log normal
distribu-*-on.

2. Time-Dekendent :aximwn P':incipakl Stres Failure Criterion

The most general form of the M4PS failur ,e.-citerion -for sgolid
-propellanfs. appears to be a modifd -power-law-relto.Hwvr
simple power-law approximation t6 'this criterion covers all of the practical
motor problems that we ~have met to date. This ,power-law relation has9 the
following form: 

t a
t (: t cr (3

tf = LaT t 9t (J-r)

wherei a s the "true" stress applied to the ;specimen.

tfis the -mean time-to!-failure of -spedisnens ~held under the' constant
ftrue stress,, a
-tis thc. unit value of the. time for whatevr'uiiti-are used
in measuringt tf

a is -the -true stres- required to fail' thte ipecimen in fhe
time t

a A -the critical true stress below which no failures are
crobservodi.

a is the time-temperature shit relation,
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It 'has been found to apply too solid propellant behavior
-with corrdlatibn cd £'f-ci nts- usually exeeed-ing 0. 98-

The limiting stress, a , is difficult to evaluate because itis- usu~lly not large compared; withc~be: rel-a tively large variabi-lity. typical

of sli- d propellants. It Appears to be negliglbl smail (except for tie

effects of pressure) for all the propellants ested to date.

The cumulative damage relation is generalized, as follows.
Firs j Equation I(J-3) is combined with Equation (J-1) to obtain the

cumul4tive ,damage relation in terms of discrete stress levels, loading -time
intervals, and test temperatures.

I . a,. cr B Ati (4-D = r (-4){. ( 1)to G_ :t oa T

whdre a is the ithr stress level.

For cont,:nuous changes in th- stress and in the temperature,
Equation, (J-4), becomes:

" f t t cr d(-5-)
P(n), (t - acr )  (t)

where ot,, the true stress, is now a function of time.

aT(t) is-the time-temperatire shift relat:ion with 'the temperature

expressed as a function of time.

:Equation (J-5); represents a general -form-of the linear cumulative
-damage. relation, fot solld propellants. This eqya~ion -permits the summation
bf damage for dny, type of tthermal or mechanical loading history, provided
tfhe stresses, times and temperatures are known. Also, Equation -(J-5)

_san be applied without change to three dimensional stress problems.

- 3-3
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STUDY OF PROPELLANT~ FAILURE UNDER' PRESSU,-%

A. FAILURE MECHANISM&~

-The -basic m&harnism§, of propellant failure have been extensivey tde
und'er current and 6ast r .esearch, prgars(K1 ,l K-2),. Fai vl'stde
-~Ito 'be- a 'three ste process beginning with vacuole foiat'ion. The vacuoles-
-may itadin t.he, polymer or zthebinder-filler 'interface., The

initciate voue'aLg a es elbetat the.poes trda
"'Mullis'"Efec"'. he econd step is' the' extension,,of the vacuoles 'until

thiny memran of'oye tween'them. The third
d fial tepis heproduction of a ~criticiil, biaxial,,stress field in

oneor or ofth thiimembranes. The'resulting tea.rs propagate very
sloly'elaive'tothspeed of sound in the propellant. This :failure
mehaim sth,-bss fth, osdeain made :ae

The miaximum, -rincipal, stress failure criterion-, 'Equation, (J;-3), -
cdntains a simple stresi diffekence-term, a -a . Some feel 'that
this indicates .a maximum shear stress crfterionl'o.be operative. in
biaxial tension -this Is expressed by'

t(critical) 0l-012'K)

'where vt(critical) iL the maximum A~ear strength-of the 'material

01 and& a are principal stresses,

Considering the stress difference -terms only,, for-both' failure crite-ria,
leads ,to" the: tabula tion in Table, K-1. 'At Is, assumed -that- a -maximum
T-incipal stress,, a-, is imposed in-tension. The iemdining stresseid ate

tabulated.

Table, K-4 shows -that the two criteria give- identical tesu'lts for
simple uniaxial indy strip-ixiali~ensile data from whihth Scitro

t was derived-. However, the two criteria differ greatly when applied to the
tiaxial,, tensile, stress f ield of ,the :poker hip sl~cmn nti ae

!'the stres dif ference for the, mfaximum shear stress- criterion is dependent
-upon 1-k, which is v ry -smal1, indidatig that very large axial stresses,-
a, would be, required& to' 'fail the -specimen. On the~ other: haind, the MPS
citerin gives a relatively itrge.-value for the stress difference 'tefip,,

- o.This 'difforen like those f or the-uniaxial and, biaxial
4es~e ata, equals- the axial' -stress on thscie. Tests, on poker- ci.'p

rspecimens,.showed& the MY&S criterion,-to hold, Kwhile the maximum shear
gitresgs criterion is grosi'ly in, erro-r.-

- ' K-].
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'TABLE. K-1

STRESS DIFFERENCESAT AthOHERIC PRESSURE

'Maximuti Shear
I41$ rieronStress9 Criterioni

Tet jode __ _cr % c'r ~0

Test a 0a 0

Strip-Biaxial
Tensile Test a 0 a-a 0 -a

Poker Chip
Tensile Test 0 a -kca- (-

aOcr- is'set equal tio zero, -which, appears to be -the, -ca.,e -for many

-composite -propellants-.
**The maximum tensile, stress- at the, center of ,the specimen.

** k'is a'p-roportionality 'factor which, in, this, case, is clo ise i..o- one,

F?
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This result-is-not surprising in view of the fialure mechanisms
sumimarized above. Tensile failurpi6 in uniaxial, biaxiar, and poker chip
specimens, follow -the same mechanism. Once the, vacuoles are produced, all throe,
test modes -become equivalent,- in-that failure is -produced -by extension of

a oa-lkematerial unti the biaxi'lsfress in he meb e eed

the ~criti ca vaue and tearing starts.

B. -EVALUAT-ING THE TIME -PRESSURE SHIFT FACTOR-

Theftime-pressure shift. factor 'for propellants is bestiunderstood on
referring to the foam-l-ike failure behavior mentioned above. Before the
vacuoles are formed,.6r when they Axe still quite small, A- equals one
(up -tIo- apsu 1500 ure), This was shown -fo6r -tensiyle madili by
Wiegand,~ Haz,.-.-n(K rand Lim and Tshoegel(K) At, this point-,
the a- values Are those for the solid-- binder whicdh 'requires large,

-pressgre-'chacnges to, effect significant chaniges-in- a * (K "6-'to, it),
Onthe ,other hand, Ipropellant failuire data are se nsytive to relatively -small

'Pressure, changes,. Dilatation constitutes the only physical difference in
the propellant betwe~en--the points where initial tensile modul-iand, failure
data are obtained. At failure, this dilatation -is .extensive-and can be
part-ially su95psed by superimposed 13K4 qstatic pressures. As shown-
by -Ea and LI" and Tschoegel' the dilatation at failure Is
posiiv', 'even, at the- higher --pressure -levels..

Taken-together thlese observations ilidicate -thia -a- provides a measure
of th upresgsion of Vacuole formation. ?Ut , issoaesuef

,the -same 'tffect. That is, acr;sthe stress- 1evel at which dilatatlohr
is-completely suprsed;, or, conversely, the-stress level where vacuoles
a7-e first formed. Also, a is,,pressure dependeint,--defining the -point, of
vacuole formation Over the7-p sure range. Thus,,, a must be a simple
-function-of a.That is, ---

a :!gf -0i (k-2)-

Equationi (K-2- tel-l, -ucs -hbw to 4valuate-a deep in the grain. The
_criical :stress Acts in -the -same ,dirdctiorn as 'he maximum, princdipa'te,

cand, it -includes -that portion, of :the, inner-- bore pressure 'that Is effective
deep: within ,the _grain -and- which- acts in. the same direction 'as a~ The
fra-ctioni, _f,. of the inner-bore pressure that acts-within the -grain can. be
opbtain~ed ,directly from existing istress' analyses. Using,,this ftaftion -the-,
"critical- stress becomes,- on using- Equatdon (14) -of the, texls,,

cr (F/A cr(K-; 3)

- where P~ is -the inner- bore -pressure

- - K-3
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The ,appropriate values ofap for use 1nE.fquation (K-2) dre obtained
1from empirically obtained curve of ap verpus pressure, the desired value

of ap. read from the curve at a pressure numerically equal to a the
latter being obtained from Equatibn. (K-3).

K-4
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APPENDIX .L

EFFECTS-OF PREVIOUS DAMAkGE

The cumulative damnage relations can b ,e used to evalutmte the effects
of previous damage uipon 'ropellant failure data. This may be done using
the LCD analysis ,of a single test-to-failure curve which duplicates a given
'failure condition in the motor. When considering the inner-bore failure
of a-grainl on mdo- pressurizationi we use a high rate, uniaxial tensile test
performed under a superimposed' hydrostatic pressure.,

The cumulative damage :relation approriate-to this analysis is derived'
her'e, starting with Equation_,(16) from-the text, For this analysis,
considerations are siiiplified-.by assuming the pressure and, temperature
to 'be .held constant. Thus a and a Wbecome constants anid may be taken
outside the integral in Equation (l~)

For the previously undamaged specimen the time-tb-break, tb, and-the
maximum true stress~ becomd normalizing parameters for the' integral term,
as originally shown in-Reference -(L-1)., Thus, we let

t It (d,- a
A b -b t, cr) - d. (t/t) J~4

Equation (16): 'afteir normializatiox by substituting A, give's,

-n) a ~)taa
to cr oTap

Prior to failure we can, use-the, same normalization terms, tb anid
(a~ H, -a)B but. take the, quantity A prior 'to -failure with 'the upper

integratiln limit the time ft : tb At 'which we wish to-a'sisessthe'
,damage. Thus,

t/t b (a 7" '

A ((Mt)rz dttb (L-3)'

0 tk L-1
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and

B,tM - cr B thA(t )

ED(t), B (L-4)

P(n) (a to cr) toaTap

This relation is greatly simplified on dividing Equation (L-4) by
(L-2). to give

MD(t) A(t)/A

Considering Equation (L-5), if the specimen which had'-bien previously
damagid fails at -the 'time t, then the total damage on-the specimen; by
definition, must equal one,. Since ED(t) is -less than one, the-difference
must be accounted, for by the previous damage, ED , Thus, ED.(t) becomes,

ED (t) - 1 - ID (L6P
Pp

The values of A and -A(t) can be obtained by initegration of the data
from a single uniaxial test record, from which the, ratio A(t)/A and henci
ED can be plotted versus testing time- From the original test record .we
cag make a plot of the stress versus time and the strain versus the time.
Using these" three plots then for .failure at any given testing time,t,
corresponding values for the stress, the strain and ED can 'be read offo
Plottihg the values, of, a ,and,:c versus 'ED gives, the delied failure curves,
and showsthe reduction in -the undamagedPvalues eb and- ab caused by the
previous ,damage.
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APPENDIX M,

INPUT DATA FOR PRESSURIZATION TESTS' ON A PBAN PROPELLANT'

The data input procedures follow those shown in Appendix A. The

'Prony Series constants are tabulated in Table M-1. The time-temperature
and tt- time-pressure -shift factors are tabulated in Table M-2.

The cumuiative damage parameters, for this propellant are as follows:

B 8.75

a 71 psi
-to

t 0 1 min.-O

For .reference purposes we have provided a master relaxation curve,
Figure M-i, and the curves for a and ap, Figures M-2 and M-3, respectivdly.

T p

N=
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Tu-LE 'M-i.

MODULUS_d.'UT 'FOR PBAN PROPELLANT

log t/aT min. E(T)___________p _ m' nT ~ A./3

8 0

-11 11,000 5 x 10 3241.4 1

"10 6,600 5 x 108  1187-.7 2

-9 3,700 5 x i'06  287.07: 3,

-8 1,8i0 5 x 104  108.14 4

-7 1,2'00 5 x 02, 45.09 5

-6 750 5 x 109 32i53 ,6

5 550 5 x iO 2  48.209 7

-4 398 5 x 10 4  i4.289, 8

-M4y C
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SHIFT FAC IORS FOR PBANWPOPELLANT

TINE-TEMPERATURE SHIFT FACTORS,

Temp,,,-I! 1090OT

180" -"2.508:

150 -1.103,

1,10 -0876

77, 0

40 2.097

A.057
-40 7.008

-75 10528

tIkE-PRESSURE SHIFT~ FACTOR -

i'res., sig.a po- ~

0 10

20063-17

-600, 150 2.176

1000 2-50 2.398,

N- 3
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TIME-TEMPERATURE SHIFTT-ACTOR FOR PBAN4 PROPELIANT

'8

6

-4

'2
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-5060 50 10015

Temperaire, kF-

FigUre M- 2
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TIVE-PRESSURE SHIFT FACTOR 'FOR PBAN, PROPELLANT

250

200,

100'

50

0 200 400' 600 g00 1000,

'; upeirihposed' Hydrostatic fressue, psig-

Figuire M-3

-M-6


